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Your plan to deprive us of land lines and leave us with only cell phones will result 
in the deaths and illness of miillions of Americans. Truly such a plan smells of 
genocide. 

CELL PHONES: Right now, the data shows a 500% rise in the rate of brain tumors, 
called gliomas, that no patient survives. 

DISEASES: There is also a 360% rise in tumors of the eye nearest the ear used for 
the cell phone, and 26% rise in tumors on the hearing apparatus, and on salivary 
glands near the ear used for cell phones. This is all hitting the press now, but 
still in toned-down terms. 

Although many studies are American funded and have American scientists, they are 
mostly being done in Europe and canada to avoid exposure to Americans. It is like 
the Tobacco Industry all over again. There are 2000 journal published studies 
proving danger and the us Navy already performed 6000 studies when EMf was proposed 
as a method of mass destruction--only of humans--while retaining the infrastucture. 

IF YOU TRY TO REMOVE LAND LINES, MANY WILL CONSIDER THAT AN ACT OF WAR TOWARDS THE 
AMERICAN PEOPLE. 

Depriving us of land lines and causin~ the cancers and neurotoxic effects of low 
power electromagnetic radiation and m1crowave of the cell phones is a criminal 
activity and we will do everything in our power to stop this travesty. 

Whatever corporate entity has entered into our government to foist this upon us must 
be revealed and expurgated. 

The scientific community is well aware of not only cancers, but of the affects on 
hormones, cardiovascular function, the leakage of albumin from brain cells through 
the blood brain barrier, the sterility in men, the miscarriages in women--all caused 

by EMF. 

There is no doubt in my mind and the mind of many educated persons that this is a 
plan to cause a massive depopulation and eventuate Big Brother in our lifetime. This 
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is a bipartisan issue and will be fought by both parties, and by all generations. 
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Preface 

There is an old joke with a well-known punch line about 
a man who has just fallen from the 86th floor of the Empire 
State Building in New York. As he passes the 30th floor. he 
is heard saying to himself 'so far, so good' ... 

Most of us laugh because we know where the rn11rt is 
headed, and thai he must know too. But. our laughter usu­
ally has a guilty edge. We know that many of us are guilty 
of occasionally displaying a 'so far, so good' attilude in our 
own lives. We think of the smoker who says that about the 
possibility of getting lung cancer or bean disease and who 
counts on beating the odds because he feels healthy at the 
moment. That smoker will not find out if he won the bet until 
many years later, and by then it is often coo late. The 'so far, 
so good' attitude 10 health is so common that people even 
kid themselves about it. One smoker told me that smoking 
would only cut a few years off his life. and that he did not 
mind losing the last few years because they are usually not 
much fun anyway. 

Unlike the optimist in the joke, whose end is virtually 
certain, many of us live like !he smoker, playing the odds 
and reassuring ourselves •so far, so good'. Diseases like 
cancer usually take many years to develop, and we try not to 
think how some of the lhings we do casually can affect !he 
long-term odds by compromising the natural processes that 
protect us. We rely on our bodies to be suong and resilient 
all the time. Yet, we know there are limits to the body's 
natural ability to reverse damage to cells. We also know that 
there may be gaps in the abili1y of our genetic endowment 
to cope with damage. At some level, we all know it is just 
common sense to try to minimize damage to our bodies and 
maximize the ability to repair. 

These opening JXWgraphs provide a quick introduction 
to the theme oflhis issue of Palhophysiology and a summary 
of the point of view of its aulhors. The public is cutTCntly 
interested in possible hazards from radio frequency (RF) due 
to cellphoncs, towers, WiFi, etc. The concern is certainly 
warranted, but we are surrounded by electromAgnetic fields,. 
(EMFs) of many frequencies, and there are also significant 
biological effects and known risks from low frequency 

Abbmiatlelfll; £MP. ~lcc:1r0m&Jl1clit> licldi: Hz. beriZ lcyc:lellfs the 
unit of f~uency); ELF, elii'Cmcly low frcqucm:)' (3-3 x 101 Hz) power 
frequency is S~Hz: RF, 111dio frequency (band width 3 x lW to 
3 x 1011 Hz); UHF, ulttahigh fmjuency band the RF sub-division used for 
cell phonea 13 :oc lol' lo3 :oc 109 Hz). 
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EMF. The scientific problem is to determine the nature 
of BMF interaction with biological systems and develop 
ways of coping with harmful effects in all frequency 
ranges, as well as their cumulative effects. The practical 
problem is to minimize the harmful biological effects of all 
~R I 

The technical paper's in this issue arc devoted to an exam­
ination and an evaluation of evidence glllhered by scientists 
regarding the effects of EMF, especially RF radiation, on 
living cells and on th~ health of human populations. The 
laboratory studies point to significant interactions of both 
power frequency and ·RF with cellular components. espe­
cially DNA. The epidemiological studies point to increased 
risk of developing ceruun cancers associated with long-term 
exposure to RF. Overall, the scientific evidence shows that 
the risk to health is significant, and that to deny it is like 
being in free-fall and thinking 'so far, so good'. We must rec­
ognize that there is a Potential heaJth problem, and that we 
must begin to deaJ with it responsibly as individuals and as a 
society. 
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Spedallssue on EMF 
Bioelectromagnetics. the study of biological effects of 

electromagnetic fields (EMF), is an interdisciplinary science 
with a technical literature that is not easily accessible to 
the non-specialist. To increase access of the public to the 
technical literature and to the health implications of the sci­
entific findings, the Bioinitiative Repon was organized hy 
an international group of scientists and published online at 
www.bioinitiative.org on August 31. 2007. The report has 
been widely read, and was cited in September 2008 by the 
European Parliament when it voted overwhelmingly that the 
current EMF safety standards were obsolete and needed to 
be reviewed. 

This special issue of Pathophysiology includes scientific 
papers on the EMF issue by contributors to the Bioiniative 
Report, as well as others, and is prepared for scientists who are 
not specialists in bioelectromagnetics. Each paper is indepen­
dent and self-contained. To help the reader appreciate how 
the different subjects contribute to an understanding of the 
EMF issue, the papers are ananged in groups that emphasize 
key areas, and the role of science in analyzing the prob­
lem and evaluating possible solutions. The subject headings 
are: 

• DNA to show biologicw effects at the sub-celluiiU" level that 
occur at very low EMF thresholds and across frequency 
ranges of the EM spectrum. Interactions with DNA 11U\Y 
account for many of Lhe effects of EMF, and they raise the 
possibility that genetic damage due to EMF can lead to 
cancer. 

• The Brain is ex posed to radiation from mobile phone anten­
nas, and laboratory studies show that the radiation causes 
leakage of the protective blood-brain barrier. as well as the 
death of neurons in the brain. Radiation emitted from base 
stations can affect all who are in the vicinity. Epidemio­
logical studies have shown a relation between exposure 
to mobile phones, base-stations and the development or 
brain tumors. Some c:pidemiolugical studies have signifi­
cant flaws in design, and the risk of brain cancer may be 
greater Lhan reported in the published results. 

• In addition to the risk of brain cancer. EMF in the environ­
ment may contribute to diseases like Al7.heimer'.s dementia 
and breast cancer in humans. as well as reproductive 
and developmental effects in animals in the wild. EMF 
affect the biochemical pathways and immunological mech • 
anisms that link the different organ systems in our bodies 
and those of animals. The human body can act as an 
antenna for RF signals, and a small percentage of the pop­
ulation appears to be so sensitive to EMF that it interferes 
with their daily lives. In addition to the growing presence 
of EMF signals in the environment, the complexity of the 
signals may be important in altering biological responses. 
These are among the many factors that must be considered 
in approaching EMF safety issues. 

• Science as a guide to public policy 

Four centuries ago. when Fnmcis Bacon envisioned a 
course for modem science, he expressed the idea thai knowl­
edge is power that should be applied for zhe benefit of 
mankind. rt is in keeping with that ethical standard that the 
final papers in this issue show how knowleds:c gained from 
scientific research can help solve problems arising fmm EMF 
itt our environmt:nl. The first of these papers discussc:A the 
Precautionary Principle, its growing acceptance a.s a rational 
approach to environmental issues. and how past experience 
can help us deal with the EMF issue. The second paper, by 
the editors of the original Biolnitiative Repon, is an update 
on how be.~t to deal with the challenge of EMF in the environ­
ment and. specifically, the problems accompanying wireless 
technologies. The last paper describes the most recent in a 



series of petitions by scientists demanding that society use 
our knowledge to deal effectively with the EMF issue. 

We trust that t.he mviews and original research papers will 
increase awareness of the growing impact of EMF in the 
environment. and the need for modem society to deal expe· 
ditiously with lhe pocential health problems brought to light 
by EMF resean:h. 
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Late Lessons from Early Warnings: Towards realism 
and precaution with EMF? 

David Gee* 
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Abstr•ct 

The histories of some well-known public: B.lld environmental hazards, from the lint sdentific:ally based early warnings about po1.ential ban11, 
to tbe .111bsequent precautiQIWY and preventive measures, baJe been reviewed by lhc European Environment AgCDCy in their n:pm1 ''La!e 
Lessons from Early Waml~s: The Precautionary Principle ~ 896-2000". This paper summarises some of the deffnllional and orher luue~ 
that arise from lhe report and &iibsequent debatcJ, sud! "Is lhe contingent naiW'C of lmowled&e; lhe definitions of precaution, p~Y:vcntion. risk. 
unccnainty, and ignorance; the use of different strengths of evidenc:c for different purposes; the nature and main directiou of the methodological 
and cultural biases within the environmenlal he&lth scienc:cs; the need for transparency in evaluating risks; and public participation iD risk 
analysis. These issues are relevant to the risk assessment of electro-maaoetic fields (EMF). Some implications of these issues and of the "late 
lcuoos" for the evaluation and reduction of risks from EMF are indicated. 
C 2009 Published by Elsevier Ireland Ltd. 

1. lutroductiou 

The histories of fourteen well-known hnzards and their 
harm, which include some chemicals: tributyl tin ('I'Bn, 
benzene. polychlorinated biphenyls (PCBs), chlorinatedflu­
orocarbons (CFCs), methyl ten butyl ether (MTBE), sulphur 
dioxide, (S02) aod Great Lakes pollution: two pharmaceu­
ticals (diethylstilboestrol (DES) and beef bonnones); two 
physical agents (asbestos and medical X-rays); one pathogen 
(BSE); and fisheries, have been reviewed by the European 
Environment Agency [I]. The purpose of the review was to 
see how socictjes bad used, or not, the available scientific 
information in order to avoid or reduce hazards and risks, 
and at what overall cost. 

'1\vclve "Late Lessons" were drawn which attempted to 
synthesise the very different e~tperiences from the case stud­
ies into generic knowledge that can help infonn decision 
making on potential hazards from, for example, GMOs 
(2,3), nanotechnologies [4], mobile phones [5,6] and such 

• TeL +45 33 36 71 42; w: +45 .33 36 71 28. 
£-mllil r.uldrus: David.Oee@eea.eu.im. 

0928-4680/S -lee ftont maUQ" 0 2009 Publishccl by EIRvicr Ireland Lid. 
doi: I 0.1 0 16/j.palbDpb}'l.2009 .01.()04 

endocrine disrupting substances as pbthalates, atrazine and 
bisphenol A [7-9). These emerging issues are all cases 
for which 1he luxuries of hindsight are not yet avail­
able but where there is some plausible evidence of harm. 
and where exposures arc widespread and generally ris­
ing. 

The purpose of the twelve late lessons is to help societies 
to make the most of both past experience and current knowl­
edge in order to anticipate and reduce the impact of future 
"suzprises" from technologies. without stifling innovation. 

The "late lessons" are reproduced in Bolt I . 

.1. The early use of precaution 

Jobn Graham, who was senior science policy advisor to 
President Bush. is a critic of the precautionary principle, but 
bas nevertheless noted that: 

PrecQution, whethe~ or not described as a formal principle, 
has served mankind well in the past and tlu! history of public 
health instructs us to keep the spirit of precaution alive and 
well [10]. 
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Box 1: ••The EEA 1Welva Late Le••ons" 
A. "Identify/Clarify the Framing and Assump­
tions" 

1. Manage "uncertainty" and "ignorance" as 
well as "risk~ 

2. Identify and reduce "blind spots" In the sci­
ences used. 

3. Assess and account for all pros and cons of 
actio n/lnaction. 

4. Analyse and evaluate alternative options to 
the agent/activity under scrutiny. 

5. Take aceount of stakeholder values. 
6. Avoid "paralysis by analysis" by acting to 

reduce hazards via the precautionary princi­
ple. 

B. "Broaden Assessment Information ... 

7. Identify and reduce interdisciplinary obsta· 
cles to learning. 

8. Identify and reduce institutional obstacles 
to learnin11. 

9. Use "lay" and local as well as specialist 
knowledge. 

10. Identify and anticipate "real world"' condi­
tions. 

11. Ensure regulatory and informational Inde­
pendence. 

12. Use more long-term {i.e. decades) monitor· 
ing and feaeareh. 

Graham might have been thinking of the cholera episode of 
1854 in Soho, when precaution did indeed serve the people of 
London well. Dr. 1ohn Snow, a well known but controversial 
London physician, was called in to investigate the cholera 
outbreak. He used the spirit of precaution to advise banning 
access to the polluted water of the Broad St. pump, which 
be suspected was the cause of a serious cholera outbreak. 
He based his recommendation partly on the evidence he had 
gathered from his comparative study of two South London 
populations, who were separately served by piped or wen 
water; and partly on his innovative spatial epidemiological 
study of the Soho area which pointed to the Broad St. well 
as the source of water polluted by faeces. He considered this 
overall evidence was sufficiently strong to justicy advising the 
precautionary action of ~moving the water pump handle, so 
that consumers would be forced to use less convenient but 
cJeaner water supplies. His view was accepted by the local 
church authorities who administered the area. 

We know now that Snow's conclusion was accurate. How­
ever, bis views on cholera ~ausation were not shared by tbe 
medical establishment of the day, the Royal College of Physi­
cinns and the London Board of Health, who had considered 
Snow's thesis and rejected it as 'untenable' and biologically 

implausible [I). They believed that cholera was caused by 
ailbome, not water borne, pollution. Their scientific "cer­
tainty" was increasingly challenged by Snow and other.s until 
Koch in Germany finally isolated the cholera vibrio in I 883, 
thus removing the Jast remaining doubt about the veracity of 
Snow's water pollution hypothesis. 

The Snow story illustrates many of the key elements of the 
PP issue that are relevant to today's health and environment 
controversies, viz conflicting expen advice:; competing sci· 
entific paradigms; the strength of scientific evidence needed 
to justify action; the long time las between observing com­
pelling associations and understanding their mechanisms of 
action; and the pros and cons of being wrong in taking action 
to remove risks. compared to the pros and cons of inaction. 

The histories of TBT, PCBs and the other cases in the 
EEA "Late Lessons" report provide further illustrations of 
these points. 

3. Oo paradigms and meclJaa.isms of action 

Scientists can cling to their favourile paradigm for 
decades-as with supporters of the air pollution theory in 
the cholera example between 1854 and 1883, despite mount· 
ing evidence that they are likely to be wrong. This passion for 
lhe prevailing paradigm is not uncommon. Max Planck. the 
Nobel physicist noted darkly that old paradigms only really 
die out when tbeir promotin,g professors also die: ••A new 
scientific truth docs not triwnph by convincing its opponents 
and ~g them see \he 1ight. b\11. rather because its oppo· 
nents eventually die, and a new generation grows up that is 
familiar with it" {II ). 

In similar vein, the IPPC has cautioned the scienti1ic 
authors of its climate change assessment reports against: 

a tendency for a group to converge on an expressed view and 
becotM over confident in it. \tfews and estimates can also 
become anchored on previous versions or values Jo a greater 
exrenr rh071 ujwrified [12]. 

This "power of the prevailing paradigm" is relevant to the 
current controversy over mobile phones, where the dominant 
view of WHO, tbe EU. and many others is that EMF-RF 
(radio frequency) energy has to be sufficiently large to cause 
the heating of biological tissue if it is to cause significant 
harm [13-15). The current ICNIRP guidelines for limiting 
unacceptable RF exposures are derived from this paradjgm 
and arc therefore: 

based on short term. imttUdiate health effects, such aJ 

stimulation of peripheral nerves ..• and elevated tissue /em· 
peraJures [13). 

This majority view is opposed by those who think that 
much lower levels of EMF have the potential to cause harm 
via their capacity to disturb cell signalling or stress response 
systems that use very small changes in electro-magnetic fields 
[16-19). 



D. cm/ltW!opllysiology 16(2009)217-2Jl 219 

Is the EMF field witnessing one of those shift& in prevail~ 
ing paradigms that Thomas Kuhn uored had characterised 
prosrcss in many fields of science? 120] 

It can be difficult to accept that something is happening if 
you do not understand how it can be happening. ·A major ~a­
son why some scientists hang on to their p~ferred paradigm 
when evidence against it is mounting is that they need not only 
to observe a strong association between a cai.ISC and an effect 
but also to understand the mechanisms of biological action 
that link them. However, this can take decades. From the 
association between exposure to water poJJuted with human 
faeces and cholera, observed by Snow in 1854, to Koch's dis­
covery of the mechanism of oct ion, took 30 years of further 
scientific inquiry. · 

Such a long time lag between acknowledging compelling 
associations and understanding their mechanisms of action 
is a common feature of scientific inquiry, as illusttated 
by many of the case studies in the EHA repon. Biologi­
cal and ecological understanding about exactly bow these 
cxposwa cawed harm is still absent, decades after the asso­
ciations were accepted as: sufficient to justify preventive ·· 
actions. · .. 

With EMF, there is currently no establis~d kilowledge 
about the mechanisms of biological action that could explain 
lbe consistent associations between EMF· ELF . (extremely 
low frequency) exposure from overhead electrical power lines 
and c:hildhoo~·leukaemia. However, lllere is some evidence 
of plausible biological mec:h.anisms. These include bypothe­
scs concerning "information physics" [21]; melatonin [22); 
oxidative stress [ 19]; indirect effects via cancer promotion; 
and the radical pair mechanism, which according to the 
Swedish Radiation Pro~e<:tion Authority, is ''probgb/y the 
lfWSt plaMSiblt! hypothesised ~chanism'' [23 ]. Some or all of 
the above mecbanisms, possibly in combination with other 
stressors and genetic configurations, is likeiy to eventually 
provide mechanistic explanations for the observed biOlogical 
effects of EMF-ELF. · 

Despite this lack of mechanistic knowledge, and a gen­
enl lack of corroborating anima) evidence, dle International 
Agency for Research on Cancer (JARC~WHO) recOgnised 
ELF from such magnetic fields as possibly carcinogenic in 
2002, based on more lllan 30 positive epidemiological stud­
ies which had been c:ompleled since tbe first "early warning" 
observation in 1979 [24]. Other scientists do not believe the 
association between ELF and childhood leubemias, given 
the paucity of mechanistic knowledge. However, recent ani­
mal and human evidence seems lo be filling some of this 
knowledge gap (25). 

The ELF story has parallels with that concerning the ion­
ising X-ra)is"wruch wcre"roiitiiicly given-to' pregnant women 
before the early warning of Alice Stcwan in tbe 1 9SOs. She 
had observed a twofold excess of childhood leukacmias in 
women Biven X-rays during pregnancy. Her findinp were 
eventually accepted by the 1 970s, despite the continuing 
absence of knowledge about mechanisms of action: and such 
routine X-ray CJJ.posures were then stopped [26). 

The cum:nt situation with the EMF-RF. exposures from 
mobile phones is characterised by some positive .yet gen­
erally inconsistent epidemiological evidence [27-29), by a 
general absence of animal evidence; and by little established 
knowledge of possible mechllllisms of carcinogenic action. 

The question thc~forc arises: should actions that seem 
likely to protect the health of the public have to wait for 
knowledge about mechanisms of action? The precautionary 
principle was designCd to justifY actions to protect the pub­
lic and the environment in the absenc::e of some" significant 
knowledge: and could be used to justify 'exposure reductions 
to EMF, despite curre'nt gaps in btowledgc. · · ' 

Could the unfolding story of EMF be a repetition of these 
earlier histories of ionising radiation exposures· where evi­
dence of hum was only "established'' some twenty or more 
years after tbe first early warning? 

... ~. 
4. Early warnings ~ 

.. :::... • ~· I 

When dealing with newly emerxing hazards it can be help­
ful to usc historical examples to i!Justratc what a scientifically 
b3sed early warning looks like.lt is often difficult to properly 
recognise such warnings when they occur. : .. · · . : . .'• 

A good example is, thaqmwided by tbe UK Medical 
RcsearchCouncil'sSwannCommitteein 1969. The Commit­
tee was asked to assess the evidence for risks of resistance to 
antibiotics in humans, following the prolonged ingestion of 
trace amounts of antibiotics arising from their usc as growth 
promoters in animal feed [30). They concluded that: 

/kspite the gaps in our Jcnowledge ... we beliwe ... on 
the basis of evidence presented to us, thtn this a.ssess­
~1'11 is a sufficiently sound basis for action . . • TM cry 
for lfWte researr:h shoukl not be allowed to ho/4 up our 
recoi1JI1Jendations' . ... 'salu/IUt of AFA should be strictly 
controlled via tight cri~ria, despite not knowing ~chan isms 
of action, nor foresee;;,g all effects [31 1. -

l 
Despite the gaps in knowledge. the need for much more 

research, and considerable ignorance about the mechanisms 
of action, the available evidence was acknowledged by the 
Swann Committee as 'sufficient to justify the need for the 
authorities to restrict the possibility of public. dietary expO. 

· sures to antibiotics from Wlimal growth promoters. 
This early warning' was initially heeded, but was then 

progressively ignored by the phannaceutical companies and 
regulatory authoritics,1 which wanted' more scientific jus· 
tification for restricting profitable anti-microbial powtb 
promotelli. However, the use of antibiotics as growth pro· 
rooters was finally b~ed in the EU in 1999, following the 
lead of Sweden in 1985 [30). 

Pfizer, the main supplier of such antibiotics in Europe, 
appealed against the European Commission decision lo ban 
their product, pleading, inter alia, an insufficiency of scientific 
evidence. They los! the case at the European Coun of Jus· 
tice [32). This case further clarified the appropriate USC? and 
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application of the precautionary principle in circumstances 
of scientific uncertainty and of widespread, if low, public 
exposures to a potentially verj serious threat. · 

On EMF there has been a number of early warnings about 
potential risks at low levels of exposure, culntinating in the 
Bioinitive report of2007 (33). This prompted the EEA to also 
issue an •·early warning": · ·· ·. · 

Approprit:Jie, precaurionary and proportionate actions talcen 
now 10 avoid plausible and potentially serious th~ats io 
health from EMF are likely to be seen as prudent' aN! wise 
from future perspectives {34], 

1 1• •• l 

It is possible that such early warnings, particularly on 
RF from mobile phones, issued by the EEA·and othm, 
wiJJ rum out to be incorrect. This will only be established 
wid! time, and the hindsight it brings. However; the EEA 
would rather be wrong in raising concerns that tum out not 
to be justified, than being wrong in not issuins an early 
warning if the potentiaJiy serious hazards from RF tech­
nology tum out to be real. Large numbers of people are 
potentially exposed to RF, particularly children who are gen. 
erally more susceptible to the potentiaJ harm. Reducing RF 
exposures in iesponse to a mistaken early wiuning is prefer· 
able to not reducing exposures to a baurd that turns out 
to be reaJ, and largely irreversible. Mo~ver, ·encouraging 
such reduction could help· to stimulate techrucal innova.. ' 
tion. 

lible 1 

5. The importance of timlug 

The issue of time is a critical issue for risk analysis and 
application of the precautionary principle. 

For ex-ample, the time fmm the first scientifically based 
early warnings ( 1 896 foe medical X-rays, 1897 for benzene, 
1898 for asbestos), to the time of policy action that effec­
tively reduced damage. was often 30-100 years, during which 
exposure increased considerably (Table I). 

One consequence of such failures to act in good time 
(e.g. on CFCs oc asbestos) is greater and irreversible damage 
over Jonaer time periods. For example. exua natural radia· 
lion coming through the ozone bole will cause many tens 
of thousands of extra skin canccn in today's children bw 
the cancers will only peak around the middle of this century 
because of the long !alent period between exposure and effect. 
Over a decade's wonh of exn skin cancers could have been 
avoided if action had been laken on the first early warning. 
(whicb was subsequently deemed robust enough 10 justify 
giving the Nobel prize for Chemistry to its authors), rather 
than on the discovery of the ozone bole itself. Other negative 
impacts from the damaged ozone hole inciude eye cataracts 
and rec:luced crop productivity._:·· . ··. _;, . . ' 

Such long-term but foreseeable impacts raise liability and 
compensation issues, including appropriate discount rates (if 
any) on future costs and benefits. These issues, which involve 
value and equity choices, need also to be discussed by stake~ · 

Late ~son$ chapter Date offinl Early Warning DIIC of Effective risk l"l!dlltbon II:UOD Years ofsubslalllial 
iaac:lion 

R.dialloll: Early WamiDJs, Laic Effcc:IS 
Benzene; OI:CU,..ajDO&I setting 

Asbutos; from "mapc:" 10 malcvolct~t m.t~rial 

PCBJ and lllc Precautionary Principle 

Haloaubons, the 01.011C l&ycr IIIII the Prec:aulioiiiiJ)' 
Principle 

DllS: IDIIJ•Ienll am~~s'of .PrNIIIal apo5ure 
AnliiniCrobials as 5fDWih promotCI"I; rcsiallrn;e 10 

r:ommon ICDiC • • · -: • - • • : • 

SC>.2: fnnn proll!c:lion of lluiWUIIIIDp to ranoce lalce 
n:s101111ion 

MTBE io pCU'OI as a aubslituiC forleld 

TBT aDtiCoui111U: a tale of 1bips,•llaih 111d inlpOiex 
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Mid cow dilcase-reus~.~r~~~c:cs ulldcnnined 
prcuution 
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1952 (luq) 1968 (Ilks) 
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1979-1986 

199.5-2001•n:spoaiible" DlllllQCIIIall: 

whi(b i1 not very effcc:liv~ 
1961-1996 UK ete.., thcnEU laiYI 
1978 B=z.enc voiUIIII.rily withdrawn 
from rn<J$1 eo11111mer produc11, US 
1999 EU ban by 200.S 
197Cl-IO&:EU llld US rutrictions: phase 
oatby2010 .. , 

. . I 887-29 I 0 global ban on CfCs + olher 
Ozouc depll:laa , · 

• 1971-198.5 US. EU. g!obll biD . 
1999 EU ban : · 
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restric:lious Ieiding 10 c 90,. reduction 
OD 197.51cVcls by 2010 , 
2000 Ullllcsiie.ble in 
~nmaNCIIifomia; permiued 
chcwllue 
19701 DDT b8nGcd io N Amcric:IA EU. 
'2000 debara c:OIItlnue lboul pczsisttnl 
beallll f11.1u&ing pollution 
1982-7 F"'*h· UK then NE Ad111th: 
ban; 2008 &lobal bau 
19811 EU bill, US cDIIIinues 

1989 Partial; I 996 toll! bau 

Hundncls ..• 

6S 
II 

101 
c.IOO 

10-30 
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30 

40+ 

10-7 

.5-30 

16+ 

ID-17 
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bolder groups. Experience in the climate change field wilh 
these long-cenn issues [35] may be helpful for the EMF issue. 

Timing is also a critical issue for the assessment of risks. 
Many agents seem to be most damaging during sensitive win­
dows of biological OPPOrtunity, either at the foetal stage of 
development [36], or when the bost is susceptible bec:ause 
of an immune response deficiency, or of impacrs from other 
strcssors. 

Tirning is relevant to several biological end points as indi· 
catcd in a review of the evidence on endocrine disrupting 
substances: 

1M tinw of life when exposures IDke place may be critical ;,, 
tkfinillg dose-rrsponse rtii:Jtionships of Endocrine disrupt· 
ing substances for breast cancer as well as for other Malth 
effects (37). 

Responding to these issues of tim.Jng involves using lower 
strengths of evidence 10 justify action at earlier times in the 
exposure history of the stressors that inflict damage during 
specific: windows of vulnerability, such as during foetal or 
early childhood development [38]. The wide exposure of chil­
dren to EMF brings the timing of action !I to reduce aposures 
into critical focus. 

6. Kaowledge ud igoorance, prevention and 
pn:cautioa 

The Broad St. pump example, and the other case studies 
in the EEA repon serve to iUusu-ate the contingent nature 
of scientific knowledge. Today's scientific certainties can he 
tomonow's mistakes, and today's research can both reduce 
and increase .scientific uncertainties. as lhc boundaries of the 
••known" and the unknown expand (Fig. I). 

lt is coounon to hear the call for .. more research" to remove 
uncertainties before any actions are taken to reduce hazards. 
However, such further research may not only take many 
years but tomorrow's knowledge, in addition to removing 
some uncertainties, is likely to identify previously unknown 

sources of both uncertainty and ignorance. These new uncer­
taiaties Cllll then be used as reasons for continued inaction on 
ha7J1rd reduction: "paralysis by analysis". 

Socrates observed same time ago: 

I am the wisest n!Qn alive, for I .blow one thing. and 1/uJt is 
that I baow nothing [39]. 

Such an approach to knowledge encourages humility in 
scientiSts rather than the hubris demonstrated by those scien­
tists who, for too many years. professed cenainlics about the 
absence of hann from X-rays,asbestos, CFCsetc. These "cer­
tainties" turned out to be misplaced as knowledge expanded 
r 11-

Many great scientists since Socrates have also displayed 
much humility in the face of acknowledged ignorance. Isaac 
Newton provided an elegant Ulustration of this towards the 
end of his life of discoveries: 

to myself I se~m to have been only lilc.e a boy playillg on 
IM muhore, and diverting myself now and rh.en, finding a 
8moother p~bble or a p~ttier shell than ordiMry, whilst IM 
great oc~an of truth lay all undisc011~red /Mfore nw (40). 

This was an early lesson in humility that seems to have 
been lately forgotten by many of the scientists and politicians 
who deal with hazards to the public aod environment. 

The distinction between uncertainty and ignorance also 
has significant Implications for risk analysis and manase­
ment [41). Uncertainties arise, inter alia, from the known 
gaps In knowledge, from imp~ise exposure sampling and 
monitoring; and from the assumptions and simplifications of 
models used to describe complex reality. Scientists involved 
in regulatory risk assessments try to take account of 10me of 
these uncertainties by using arbitrary safety factors to arrive 
at •·acceptable" exposu.re limits. 

Acknowledging ignorance. however, involves acknowl· 
edging the unknown unknowns, as well as the sometimes 
unknowable unknowns that arise from complex and unpre­
dictable biologicaJ and ecological systems 1111d the random 
variations thar are common to them [42,43). lr is obviously 
noa possible to just use safety factors applied to "known" 
associations to account for such lade of knowledge. 

States of ignorance are also the source of new scientific 
discoveries as welt as of unpleasant ''swpri~es" such as the 
mesothelioma CIUlcer from asbestos, the hole in the ozone: 
layer, or the reversed sexuality in the sea snails contAminated 
by the TBT biocide in marine anti-fouling paints [44}. 

Foreseeing and preventing hazatds in the c:onte11t of 
ignorance presents panicular challenges to decision-makers. 
Ignorance ensures that there will always be surprises, and at 
first sigbl it looks impossible to do anything to avoid, or miti· 
gate. them. However, there are some measures that could help 
rninim.ise the consequences of ignorance and the impacts of 
surprises: 

• using the intrinsic properties of potential stre.ssor.s as 
sencric: predictors for unknown but possible impacts e.g. 
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the persistence, bioaccumulation and spatial range poten-
tial of chemical substances r45]: . 

• reducing specific exposures 10 potentially hannful agents 
on the basis of credible 'early warnings' of initial harm­
ful impacts. lbus limiting the size of any other 'SU!Jirise' 
impacts from the same agent. such b the asbest~ cancers 
that followed asbestosis; and the PCB neurotoJticological 
effects that followed its wildlife impacts; 

• promoting a diversity of robust and adaptable techno­
logical and social options to meet human needs, which 
then limits technological 'monopolies' (such as those of 
asbestos, CFCs, PCBs etc.), and therefore reduces the scale 
of my 'surprise' from any one technological option; 

• accepting significant bioloaical and ecologil:'al effects, 
such as inflammatory responses, or changing sex ratios, as 
sufficient evidence of potenliaUy adverse effects to justify 
hazard reduction, without waiting for the adverse effects 
themselves to arrive; 

• using more long-tenn research and monitoring 'or what 
appear tO be ".surprise sensitiYe sentinels", SUCh as frogs, 
bees and focru.ses. in ordet'to.idenlify'"early ~amings" 
~~~ . .. 

• usirig scenarios and stakeholder involvement to help fore­
see and antic:ipaae implications of particular technological 
and social pathways.·· · . ·,. · · .... : , . ... .... q• •· 
Some of these approaches an: relevant to EMF. .. 
The distinction between· pm~ention and· precaution is 

also importAnt. Preventing hazards from ~'known" risks is 
relatively easy and does not require precaution. Banning 
smoking, or asbestos,· today requires only acts of preven­
tion to aYoid the well-known risks. HoweYer, it would have 
needed pncau.tion (or foresight, based on a lower strength of 
evidence), to have justified exposure reductions 10 the rhen 
uncettain hazards of asbestos e.~tpasure in the 1930s-SOs, or 
of tobacco smoke in the I 9505-60s. 

Such precautionaJ)' acts then, if implemented succ:essfully, 
would have saved many thousands of Jives and, in 1he c:ase 
of &Jbestos. stimulated innovation in the insulation and other 
asbestos using industries decades earlier than has been rhe 
case. . : ' . . . , .· ·. ~ ... , :.: .. : .. : 

Similarly,· il would need precaution to jus~fy ;reducing 
exposW'CS to an IARC category two carcinogen, suc:h as EMF, . 
bul only prevention to avoid the cancer risk from a class one 
carcinogen, such as ionising radiations, where the evidence 
for action is very well established. 

There has been much debate generated by the different 
meanings attached to these and other aerms commonly used 
in debates on hazards, such as "prevention", "prec.aution", 
"risk",'"uncc:nainty .. 'and "ignorance". Tablc'2 attempts to. 
clarify tbese definitions. using some of the "Late Lessons" 
case studies as illustrations. 

There is also frequent confusion between the ltrength of 
eo.•id~nce needed to justify any action to reduce risks, and 
tbe type of action deemed to be: appropriate: the: two are not 
directly connected. For example, there is very strong evi· 

dence that cars barm people, but they are not banned from 
most places. In contrast, slight evidence of possible birth 
defectS arising from taking a ptegnancy pill would usually 
be sufficienl to justify banning that pill. 

7. Tbe preeaudonary prindple: some deftotdons and 
lolerpn:tatfoos 

The Vorsorgeprinzip, (the '"pm:autiomuy'•, or"forcsight") 
principle, only emerged as a specific policy tool during the 
Gc:nnandebateson the possible role of air pollution as acllllSC 
of "forest death" iri the 1970-aOs. · 

An increasing awareness of ecological complexity and 
uncertainty during tbe 198~s led to debates on the: Vor­
sorgeprinzip shifting from <krmany to the international 
level, initially .in the field of nature conservation r46) but 
then panicularly in marine pollution. where an ovc:rlo.ad of 
data accompanied au insufficiency of knowledge [47 J. This 
absence of knoWledge genera1ed the n~ to act with pre­
caution to reduce the large amouniJ of chemical pollution 
entering the Nonh Sea. ,: ·. · ;. . . 

Since then over 60 international treaties, including the 
Third Nonh Sea Ministerial Con!erc:nce.l990. have included 
reference to the precautionary principle. or, as the Bush nego­
tiators prefer to say, the precautionary approach. (A ~nt 
legal review points out that there: is little:. if any practical 
difference between tbc:se two concepts (48).) 

The Treaty of the European Union cites the precautionary 
principle thus: · 

Community policy on th4 enviro~eNI . , . shall be based 
on the prectllltirnlllry pri111:ipk and on the principl~s that 
pnventive acti011 lhould be takerr, that environmental dam· 
age should, as a priority. be rectified at the source, and the 
polluter should pay (49]. 

Although only ci~ in the environment part of the EU 
nUty, .lhe precautioniuy, prevention and polluter pays prin­
ciples also apply 10 health ~d consumer affain, as European 
Court of Justice decisions have made dear !50]. 

Unfoi1Unately, thc:K principles, as well as the important 
and legally ~U~uired proportionality principle. which limits 
disproportion between the: costs and benefits of precaution or 
prevention, are not defined In the EU Treaty. However, their 
usage lw been clarified in over JOO court cases [48]. 

A definition of the precautionary principle rhat is often 
cited by suppor1en and detractors alike is that from the The 
Nonh Sea Declaration, which calls for: 

action to avoid potentially damaging impacts of subJtances, 
even where there il no scienrijic e~·idence to prove a causal 
link between emilsions and tffects (my emphasis). 

Critics of the precautionary principle claim that this dt!lini­
tion appears to justify action eYen when there is "no scientific 
evidence'' lhat associatc:.s exposures with effects. However, 
the: N. Sea Conference text clearly links the words "no 11cien-
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'IWII112 
Towards a cluilicadoo of key rerms. 

• Risk Kflown' impacta; 'lulown' ptobllbillda e.g. ubestos 1999 Prt-titlft: .:llon lllcn to RCiu= lulowa ha:wdl e., . 
climiaue c1poa1111: 10 aba101 dusl 

• UnccruiDty 'Koown' implcts; 'ltllknuwn' probabilities c-1- anlibioeics ill animal 
feed llld asociac.ed bum1111 ruistanc:c lo tb01e anlibiocics 1999 

P~"«llllliDNuy Prwtrrtitlft: Klioa ubD to reduce 
cllpo51W ro plallliblc baDnb e-1. ban llllllbiotic BJ'OWih 
promo&on 

••anorance 'Unknown' impac:u and thcn:forc 'unbOWII' probabilitiCli e.a. che 
'surprise' ozoac hole hom (O'CI), pre-1974 

Pm4t4iD11: .:lion ratcn Ia anlicipare. idallil'y &ad reduce 
che imp~~ec of 'surprifa' 

tific evidence" with lhe words "to prove a causal link" (my 
emphasis). 

We have al~y sc:cn with die Broad St. pump exumple 
thai there is a significant difference between the evidence 
needed to show an "a.rsociation" between a pollutant and 
its bann, and evidence which is robust enough to "prove'' a 
ct~JUallink, which requires a very much higher s~ngth of 
evidence. Bradford HilJ pointed this out in his c:lassic: paper 
on association and causation in public health which he wrote 
at lhc height of the smoking controversy (51). 

TheN. Sea Declaration says that lhe absence of tho strong 
evidencc needed to support causality is not a valid rcuon for 
inaction where there is widespiead and potentially hazardous 
cxpoSUICS and some plausible evidence of polcntial harm. 

Despite increasing use of the precaution principle there 
is still much disagreement and disc:ussion about its practical 
application. This is particularly due to tbe absenc:e of an EU 
definition in regulatory texts, aud 10 disputes over lhe suffi­
ciency of scientific evidence needed to justify public: policy 
action. 

For example, JIWJY "definitions" oflhe prccautioruuy prin­
ciple or approach in lhc 60 or so Treaties and Conventions 
that now inc:lude this concept use a triple negative: that is, 
they identify the absence of strong scientific evidence (e.g. 
of ''fulr' cenainty") as a JQ50II that cQIJfi.OI be used to jus­
tify not aaing, And they do DOt spcdfy what a sufficiency of 
evidence would be that could justify taking action. 

Some other widely cited definitions of the precautionary 
principle, notably the W"mgspread and UNESCO definitions. 
arc rather long, and include items that are not slrictly pan of 
a definition, such as the process by whic:b decisions arc taken 
(i.e. participatory, or not); and the allocation of the burden 
of pffJO/to risk makers or risk takers: the Iauer is a sepantc 
issue that soc:icties have: dealt with without recourse to the 
prcc:autionwy principle. 

For example, European and odler societies have long 
placed the prc:-martct burden of establishing reasonable 
grounds for the safety of medicines, pesticides, nuclear plants 
and large: construction projcc:ts on those who wish to provide 
such products or projects, Other potentially harmful agents, 
such as the 100.000 or so existing chemicals in consumer 
products, have been placed on the market without such pre­
market burdens. Although pre-market testing or assessment 
is more precautionary than post market surveillance, it does 
not require justification from the prc:c:autionary principle. 

The111 have been further definitions and clarifications of 
dJe prec:autionary principle from, for example from the EU 
Council of Ministers; in EU case Jaw; and in the regulation 
establishing the new European Food Safety Authority, EFSA 
[52]. 

The judgement of the European Coun of Justice in the 
BSE c:ase ill us !rated a general definition which many author­
itative commentators c:onsider contains most of the ncc:essary 
elements of the precautionary principle: 

Whtrre lMI!' is unurttJinty a.r to tM uiJtenctr or men.t of risks 
to humtJn h~alth, the institurlon.r may take protective ~Ma· 
sures without having to wait until tM reality and strrio~ss 
of those risks become fully apparent [53). 

The WHO Oec:laration from the Fourth Ministerial Con­
ferenc:e on Environment and Health [54) also refers to the 
precautionary principle. An explanatory background paper 
~"eCODIJIIe11ds that lbe principle: 

should be applied wlure 1M possibility of serious or irre­
versible damage to health or the environnuml has been 
identified and where sci~ntific trValuation, based on avail· 
able data, proves inconclusive for assessing tlu uistence of 
risk and its level bUl is deetMd lo In slljJicun.t to warrant 
possingfrom iniJcrivity ro policy alttm&tJrivtrs [SSJ. 

A recent report from the Health Council of the Netherlands 
on the precautionary principle provides a clear and cogent 
summary of the issues raised by its use [56]. 

However. lhere remains an absence of a clear definition 
at EU level so the European Environment Agency (EEA), in 
response to the debates on the precautionary principle sinc:e 
its 2001 report, has produced a working definition of the 
precautionary principle. 

TM Precautionary Principle provides justification/or public 
policy actions in sitlllltions of scienlific complaily, uncer­
tainty and ignorance, where there nuzy be a need to act in 
orr:J~r to avoid, or reduce, potentially serious or irreversible 
threats to /walth or the environment, using an Dppropn'ate 
level of scientific evidence, and taking into account tlw pros 
and COM of action and inaction [8). 

The definition is proving useful in promming a shared 
understanding of the precautionary principle. It is explicit 
in spedfying both uncertainty and ignorance as contexts for 
applying tbe principle; it is couched in the affirmative rat.her 
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lhan the negative~ and it explicitly acknowledges that a case 
specific: sufficiency of scientific evidence is needed to justify 
public policy actions, given the pros and cons of action or 
inaction. 

The definition also explicitly widens the conventionally 
nanow, and usually quantifiable, ln~erprctation of costs and 
benefits to embrace the wider and sometimes unquantifi­
able, ••pros and cons". Some of these wider issues, such as 
loss of public tnJst in science, are unquantifiable, but they 
can sometimes be more damaging to society than the quan­
tifiable impacts: they therefore need to be included in any 
comprehensive risk assessment. 

But what is "an appropriate strength of evidence" that 
would justify taking action under the precautionary principle 
to reduce exposures and risks? 

8. EstabUshfng evidence for action 

All serious applications of the precautionary principle 
require some plausible evidence of an association between 
exposures and cum:nt. or potential, impacu. 

For example, the Communication from the EU on the pre­
cautionary principle [57] specifies that "reasonable grounds 
for conctm" are needed to justify action, but it does not say 
that these Jrounds wiD vary with the specifics of each case: 
nor does it explicitJy distinguish between risk, uncertainty 
and isnorance. 

The strength of scientific evidence that would be appropri­
ate to justify public action clearly must vary with the pros and 
cons of being wrong with action or inaction in the specific 
circumstances of each case. These cin:umstances include the 
nature and distribution of potential hann; the justili.catio.n for. 
and the benefits of the agent or activity under suspicion: the 
availability of feasible alternatives: and the overall goals of 
public policy. Sucb policy soals can include the achievement 
of the "high levels of protection" of public health, of con­
sumer safety, and of the environment, required by the EU 
Treaty. 

The use of different strengths of evidence for different 
purposes is not 11 new Idea. 

For example, a high strength of evidence such as '"beyond 
all reasonable doubt" is used to achieve good science where 
A is generally accepted as causing B only when the evideace 
is very strong. Such a high level of proof is also used to 
minimise the costs of being wrong in the criminal trial of a 
suspected murderer, where it is usually regarded as better to 
let several guilty men go fnle, when reasonable doubt about 
their guilt cannot be eliminated, than it is to wrongly convict 
an innocent man. 

However, in a different trial setting, where a citizen 
seelu compensation for harm that is possibly due to negH· 
gent tr=tmenr at work, the courts in many European and 
other societies will use a lower strength of evidence, com· 
men.5urate with the costs of being wrong in this different 
situation. An already injlli'Cd pany i.s ih'CII the benefil of 

the doum by lhe use of a medium level of proof, such as 
"blll~~nce of evidence, or probability". This is justified on 
the grounds that it is more acceptable lo give compensa­
tion to someone who was nor treated negligentJy than it is 
to nol provide compensation to someone who was treated 
negligently. The ''broad shoulders" of insurance companies 
are seen as able to bear the costs of mistaken judgements 
ralhct" better than the much nanvwer &boulders of an injured 
citizen. 

In each of these two illustrations it is the nature and distri­
butiooofthecostsofbeingwrongthatdetenninestbesuength 
of evidence 1ha1 is "appropriate" to the particular case, based 
eSSentially on ethical grounds. The choice of an appropriate 
strength of evidence in each case is therefore a societal not a 
scientific issue. 

This has Jong been recognised. Bradford Hill, cited above, 
dzew attention to the sociaJ responsibility of scientists whose 
work involves public health. He concluded his classic 196S 
JXlper on association and causation in environmental health 
with a "call for action" in which be also proposed case specific 
and differential strenglhs of evidence. 

His tluce illustrative examples ranged f"rom ''relatively 
slight" to ••very strong" evidence, depending on the nature 
of the potential impacts and of the pros and cons of being 
wrong. These varied between a possjblyteralogenic medicine 
for pregnant women; a probable carcinogen in the workplace: 
and government resaictions on public smolcing or diets (5 I J. 

In the field of cancer, the lncemationaJ Agency for 
Research on Cancer also uses several types of scientific: evi­
dence to categorise theintrtDgths of evidence on carcinogens 
{58). 

Identifying an appropriate s.trenglh of evich:ncc has also 
been an importanl issue in the climate change debates. The 
International Panel on Climate Change (JPCC) discussed this 
issue at length before formulating their 1995 conclusion that 
••on the balance of evidence" mankind is disnubing the global 
climate. They further elaborated on this issue in their 2001 
report where they identified seven strengths of evidence that 
can be used to characterise the scientific evidence for a par· 
ticular climate change hypothesis. By '1IIJ7 the evidence for 
human induced climate change had &trengthened to a "rea­
sonable certainty" [59). 

Table 3 provides the middle S of these stmlgths of evi­
dence from the IPPC and illustrates their pmcti.c:al application 
to a variety of different societal purposes. 

In the risk assessments of EMF published so far there 
has been little explicit discussion about the choice of the 
strength of evidence used in the assessments. The vague 
tenn "no eslablished evidence" is often used to charac­
terise the absence of some strength of evidence that would 
convince the particular scientists doing the risk assess· 
mcnt that a hiWlrd existed. There is little if any discussion 
about for whom the evidence is said to be not established 
(risk takers or ris.k makers), nor about for what pu.rpose 
(wanting labels, or low cost exposure reductions, for exam­
ple.). 
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An exception is the Californian EMF-ELF risk assessment 
wbich was much more transparent and explicit about these 
critical issues (60). 

· Establishing a &ufficiency of evidence for whom. and for 
what purpose. involves vaJue judgements: a;uch issues there­
fore require public participation. 

I' :1 f I 1 1 ~ • t•·' 0 •• " 1 

9. PubUc pal-tidP.doa io risk 8oaiysJs · · 
I • ~ • .i I ~ 0 

Choosing an appropriate strength of evidence for a par­
ticular case is not a scientific issue but a social choice. 
It is therefore necessary to involve the public in deci­
s.lons about serious hazards and their avoidance: and to do 

. so. for. all stages of the risk analysis process. as recom­
mended by scver&Taulhmtive bOdies duriDgihc 1aido years 
[ 61,62,63,64.56,65 ). Three of the .. twelve late lessons" or the 
EEA rc:pon (numbers S. 9 and 10 i.o Box I) also cnoouraae 
the involvement of stakeholders at all stages of risk analy­
sis. 

Fig. 2 based on the above reports, illuslrates the iterative 
nature of risk assessment. risk management. and risk com-

I . 
munication; the links ·between them; lllld the involvement 
of stakeholders at e~ stage. albeit. with c:tiffc:rmt intcosi-
ties. ! · 

The existing International and European arrangements for 
risk analysis,. and for the setting of public exposure limits 
for EMF and other issues suc:h as food (66), do not seem 
to reflect these rccomrxiendatioas for opening up the proc:ess 
of risk analysis. includina risk assessment, co stakeholder 
participation. lnsWld ihcy largely ~tain.the old~r, linear 
approach where risk as5essment is separated from risk man­
agement and communication and where communication is 
lqely one way, i.e., fi'Om scientists to managers to the pub-
lic. 1 

The best available ~cience is therefore a nc<:essary but 
not a sufficient condition for sound public policy making on 
pcitential threats r.o heaith and the environment. such as from 
EMF. Where there is scientific uncertainly and ignorance "it 
is primarily the task of the risk managers to provide risk 
assessors with guidanCe on the science policy to apply in 
their risk assessments" [67). Thecontentofthisscicnce policy 
advice, as well as the nature and sc:ope of the questions robe 
addressed by the risk assessors, need to be formulated by the 
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risk managers and reJevint'stakeholders at the initial stages 
of the risk analysiS, as indi~ti:d in Fig. 2. 

It is not easy to invoive the public: in all stages of risk anal· 
ysis and in helping to set ai.sociated resean:h agendas and. 
technological trajectories {68,69]. However, there are some 
useful experiences, in,both Europe and the USA, with focus 
groups. deliberative polling;' citizens juries, and extended 
peer review, which are exploring apPropriate wajs forWard 
[70,71[. 

The SAGE stakehoJdcr process in the UK. wbic:b focused 
on ELF from power lines, provides a useful Ulu.stlalion of 
stakeholder engagement [72]. 

Public participation is panicularly essential when future 
technological and social pathways, and assOciated hazards, 
an: unpredictable: being wrong together is more socially 
robust than letting cxpens alone make the mistakes. 

But why arc there enough "mistakes". from delayed policy 
actions to prevent serious harm, to C!IJ several volumes ofl.atc: 
Lessons reports? 

~ .~) . 
' . • o I ~ 

10. ·False po5itives and false negalives .. ,. 
•' I •··· ... '· ..... t ~ I I 1 , 

The foun~ case litudies in the Late Lessons Repon are 
all examples of "false negatives" in the sense that the agents 
or activities were regarded as not hannful for many years 
before eviden~ showed that they were hannful. Auc:mpts 
were made to include a ufalse positive" case study in lhe 
reporf(te:·whertii.ciiOns"'io" reduce .. poieiitial haziids'"iumcd 
out 10 be uanece.ssary), but neither authors nor sufficiently 
.robust examples were found. • 

Providing evidence of .. false positives" is.morc difficult 
than with "false negatives" (73). For e)lamplc, how robust, 
and over what periods of time, does the evidence on the 
absence of harm have to be before concluding; with" con-

tidenc:e, that a restricted substance or activity is without 
significant ris.lc1 

. Volumes 2 of "Late Lessons", which the EEA will pub­
. , lish in 2009, will explore the issues raised by false positives, 

induding lessons to be learned from such apparent false pos­
itives as lhe EU ban on food ill'lldiation and the hazardous 

. labelling of saccharin in the US [74]. 
But why are there so many "false negatives" that bavc been 

&O damaging 10 health or environment? And how might this 
be relevant to EMF1 

The lint Late Lessons volume of case studies provided two 
main answers: the bias within the health and environmental 
sciences towards avoiding "false positives". which thereby 
generates more "false negatives": and the dominance within 
societal decision-making of short term, specific, economic 
and political interests over cbe longer 1enn, diffuse, and over­
all welfare interests of society. The tatter point needs to be 
further explored, particularly by the political 5ciences: the 
current and increasing dominance of the short tenn in mar­
kets and in parliamentary democracies makes this an urgent 
issue. 

Since lhe publication of ~~~~e Le~ollS" the EEA bas. fur­
ther explored the second cause of"false negatives" i.e. the 
is&ue of bias within the health and enviromnental sciences. 
Table 4lists eighteen common featura' of methods and CUI· 

turc in the environmental and health sciences and shows cbeir 
main directions of error. Most tend towards generating "false 
negatives". 
. Table' 3 is' dCrivea fiorii papers presented to a conference 
on the precautionary principle 01ganised by the Collegium 
Ramazzini;lhe EEA, the WHO and NIEHS in 2002 (75]. It 
tries to communicate the main dire( lions of the biases within 
lhc enviroiuncotai and hCartb seiences which decision makers 
and the public should be aware of as they debate the evidence 
on emerging hazards such as EMF 
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Table4 
ON BEING WRONG: Environmenl&l and beallllacienccs~nd lhcir main direc:tillll$ of CI'IUI'. 

Scianific 11Udies Some mclhodologicll feallii'Cs Main" direc;tlonl of e:m:Jf·increases cUnc:cs of detec:tin11a; 

•Hip doses • fllK posirivr (llepli~ for low dose clfcc:IS) 
• Shm1 (in biologic&llallls) raDJC of do5cs • Fal~e neptiYC 

Obaervalioul 

Sludics 

• Low acnetic variabilil)l 
• Few exposureato nds.turea 
• Few FocW-Iifetlme e&po5llll!s 

• Hip fenllil)' anins 
• Confoundcn 
• Recall bias 
lo.pp:opria!l: eontrola 

• False ne&ative 
• Pal1e negative 
• Falle acptivc 
• False Peplive (dm:lopmcnulllqJrOdulive cadpoiDia) 
• Ftdu pcuiti~~ (IIC:Jabvc wilb multi-cauaality1) 
• Falu posiriw 
• Fallt poJidwlnegali"We 

(Wildlife ol HumaM) • Non-dilf-atial exposure misclassi6calion • F.Jse nqatM 
• IDII!equlle follow-up • False ~~e~adw 
• Loll cases • False negative 
• Simple llllldels 11111 do not n:llcct complexil}' • Fals.e nq.Uw 

Botb • PUblication biu loWards positiva • Fabr posidw 
&pcrimenw and Dbsavalionalatudies • Scientific culmral preuurc to avoid false positives 

el.Qw sl&ldtieal power (e.s. From smaii1IUdies) 
• F&IIC DCJ&U'IIe 
• Faile ~~e~&Uw 

• Use of St. problbilil)' level to minimilc ch111ees of • Fake nepthc 
false posilives 
• Much scrutiny of positive amelia d. ~~eptive audlc.a • False negalhoc 

• Soma features can JO cilber ny (e.a. Inappropriate eontroll) but IDOl! of lbe fcarun:s mainly err in du: directioa shOWD in lbc table. 

11. Towards realism about mmplex reality 

Max Planck observed that "reality is ... just a very thin 
slice of that vast range of what our thoughts try to encompass'' 
(76]. EMF scientists and risk wessors need not only to take 
account of the false negative/positive biases described above 
but tbey should also take more account of "that vast range" 
of other realities which characterise the EMF issue. These 
include multi-causality; thresholds; timing of dose; sensitive 
sub-populations; &elt. age, genetics, and immune status of 
the host; cumulative exposures to EMF and other slressors; 
information physics; effects below the thresholds of such 
"acute" impact as tissue beating; non-linear dose-response 
relationships; "low dose" effects; the absence of unexposed 
controls; and the effects arising from disturbing the balance 
between opposing elements in complex biological systems, 
i.e. the .. hannony of opposites" which Heraclitus noted many 
centuries ago. 

In the EMF debate these complexities are often subsumed 
under many simplifying assumptions. For example, the WHO 
review of power line ELF states that: 

Based on known physical principles and a simplistic biologi­
coJIIWChl, many authors have argued that average magnetic 
flt!lds ofO.J-0.4 micro te.sla are orri~n of magnitude below 
levels that co11ld ;nreract with cells or ti.s.su1.s and that .such 
interactions D.re thus biophysically implausible [77). 

In the concext of expanding s~ientifi~ knowledge, the 
••implausibility" of biological interactions may not be a robust 
basis on which to dismiss positive epidemiological or exper­
imental observations. especially when the biological models 
being used are "simplistic". 

The case studies in the EEA ~port iJJustrate the surprises 
that arise from real life ecologic:al and biological complexities 
and which may carry some lessons for the EMF debate. For 

example. the unfolding of the TBTstory was accompanied by 
an increased appreciation of scientific complexity. This urose 
from the discoveries !bat the known acute effects provided no 
indication of the chronic impacts that were caused by very 
low doses (i.e. in parts/trillion); that high cx.posun: c:oncc:n­
lnltions were found in unexpccced places e.g. in the marine 
micro-layer; and that bioacaamulation in higher marine ani· 
mals. including sea-food for human consumption, was much 
greater than ex peeled. The early and prescient actions on TBT 
exposure teduc:tion iD France and the UK in 1982-85 were 
based only on a medium 'strenglb of evidence" for the 'asso~ 
ciation': evidence that was sufficient to infer 'causality", or 
to identify 'mechanislll5 of action' came much later. 

We were lucky with TBT: a bighly specific, initially 
uncommon impact (imposex) was quickly linked to one 
chemical. TBT. This is not likely to happen with lhe 
multi-causal and more common impacts such as neurodcvcl· 
opmental diseases and dysfunctions, or cancers. which are the 
more complex impacts from EMF that are under suspicion. 

Some key lessons from the DES story are also rdevant to 
EMF exposures [78]. 

These include the rcaJisation that the absence of visible 
and immediate ceratogenic effects is not robust evidence for 
the absence of reproductive toxicity; and the timing of the 
dose clearly dctemtined the poison, in contrast to lhe con· 
ventional dictum in toxicology, articulated by Paracelsus, that 
'the dose detennines the poison'. 

DES is now a well-studied compound, with over 20,000 
publications, yet many doubts persist about its mechanisms 
of action more than 30 years after it was banned on com· 
pekking observatory evidence that has since bcc:ome more so. 
If we still have few biological certainties about DES after so 
much time and research, what should our attitude be toWards 
relatively little understood hazards, such as other endocrine 
disrupting substances and EMF? 
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The scientists and risk assessors of EMF need not only to 
acknowledge the "surprises" that arise from complex realities 
but also the asymmetry of measurement predsion between 
gene typing and environmental exposure assessment. As 
Vincis lw observed, such asymmetry is likely to lead to ao 
underestimation of the effects of environment and an over­
estimation of me effects of genes in the gene/environment 
interactions that are involved in most public health issues, 
including EMF [79]. 

The research implications wising from multi-causality, 
and from the systemic inleraetions between genes, host con­
ditions and environmental stressors, seem not to bave been 
fully recognised in the environmental and health sciences. 

Sing has noted that: 

neither genes nor tluir e11vironnwnts, but their intertJctions, 
are causations •..• pretending that tlu aetiology of common 
diseases like CH D, cancer. diabetes and psychiatric disorder~ 
are caused by tlu independent actions of multiple Qgents is 
deterri11g progress 180]. 

He went on to call for: 

"research that ,qlects the reaiiry ofthl problem" and notes 
that "a reductionist appfOQCh that has no interest in com­
plexity discourages imaginative sollllions • . • we need an 
Qt:odetnic enviiVIIIIU!IIl tltal puis grearer wziw on how tlu 
part: are put together". 

Such a systems approach to multiple and cumulative stres­
sors seems to be largely absent from much research IIOd risk 
assessment of EMF. Recent progress in dealing with cumu­
lative stressors in the chemical field may be of usc to EMF 
scientists [8 r J. 

U. Towards traaspanncy io evaluadog "weight of 
evidence., 

Since I 965 overall evaluations of scieJUific evidence for 
policy making on health hazards has often, implicitly or 
explicitly, been based on the nine, "Bradford Hill Criteria'', 
which Bradford Hill actually called "features" of evidence 
(5 I). These were produced in response to the sRHJking and 
health controversy of the 1960s. 

One of the ap~ntly more robust of the nine "criteria'., 
consistency of research results, which is a much discussed 
issue in the cunent EMF debate, may not be so robust in the 
context of multi-causality, complexity and gene/host variabil­
ity. 

Prof. Needleman, who provided the first of what could 
be called the second gcnemion o( early Warnings OD lead in 
petrol in 1979, has subsequently observed that: 

Consistl'ney in nature d~s not require IMl all or ~til a 
mqjority of studies find the stliM l'jfecl. If all studies of l~ad 
showed the same relationship b~tw~en variables, one would 
be startled, perhaps justjfolbly suspiciou$/82]. 

It follows thai the presence of consistency of results 
between studies on the same hazard can provide some of 
the robust evidence needed to establish a causal Unk, but the 
absence of such consisaency may not provide very robust evi­
dence for the absence of a real association. In other words, 
the .. criterion" of consistency is lliymmclrical, like most of 
the other Bradford Hill "criteria ... 

This is relevant to the current position with EMF where 
consistent research results are not generally available. Such 
inconsistency is to be expected. particularly at thls relatively 
early stage in the complex biologicaJ and physical story of 
EMF. 

There is great scope for legitimate differences of view 
about this and other implications of the complexity, uncer­
tainty and ignorance that characterise the EMF debate. 
Judgements need to be made, for examp1e, about the weights 
to be placed on the presence or absence of features of the 
evidence, such as consistent research results, mechanisms 
of action. and animal evidence. There is themore likely to 
be wide divergences of scientific opinions between different 
groups of scientists who evaluate the same stock of scientific 
knowledge during their risk assessments. 

For example. in 2000. tbe UK National Radiological Pro­
tection Board set up the Stewart Conuninec to evaluate the 
evidence on mobile phones. It concluded that the evidence for 
safety was not great; that the evidence for hann was weak, 
but that this was to be expected at this early stage in the 
history of mobile phones: that the numbers of people, espe­
cially young people, exposed was widespread and rising; and 
that the precautiOlW)' principle was relevant, and justified the 
recommendation that mobiles phones ought not be used by 
children under 16, except in emergencies(~). 

During the same year, a radiation advisory Committee 
under the Dutch Health Council. comprising similarly qual­
ified scientists, evaluated the same stock: of knowledge and 
conc:Iuded that the evidence for safety was robust; that the 
evidence for hann to RF exposure was laraely absent; that 
children WCR not more sensitive to RF exposures from mobile 
phones than Adults; and that the precautionary principle was 
not relevant: no action oa exposure reduction was therefore 
justified [83 J. 

In order to tease out the different and largely hidden 
assumptions and inferential rules adopted by the two commit­
tees, the EEA organised a workshop in May 2008 at which 
representatives of the two committees explained how they 
came to such divergent opinions. They were joined by scien­
tists who had produced different evaluations of essentially the 
same knowledge in three other case studies: ELF from power 
lines: the plastics chemical, bispheny I A; and pesticides spray 
drift. 

A brief report summarising lhe EEA workshop, and con­
taining an eighteen-point checklist that identities Lhe main 
reasons for SI.ICh divergences of view is now available /84). 

There appears to be very few risk assessments of EMF !hat 
arc transp31Cnt about how their largely implicit assumptions, 
judgements and rules of inference affected !heir conclusions. 
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An exception is the Californian Deparunent of Health Ser­
vices evaluation of the possible risks from ELF power lint 
exposures [60]. This repon was transparent about its gradu­
atm approach to strengths of evi~e. about the weighu that 
the individuaJ scientist involved in the assessment placed on 
different types of evidence, and their types of argumentation 
and their rules of inference. The assessment was longer and 
more resource coosuming than other EMF risk assessments 
but its transpa"rency. and stakeholder involvement in agreeing 
the epproKh 10 evaluating the evidence. seems to have pro­
duced a men: socially and scicntlftcally robust assessment. 
The recent repon from the US National Academy of Sciences 
on Risk Assessment strongly recommends such tnuisparency 
and stakeholder i.Dvolvcment. especially at che crucial prob· 
lem framing stage [65]. 

13. Coacluslon 

The successful application of available scientific knowl· 
edge 'and of lhc ·.precautionary principle to public 
policy-making on health and environment involves several 
issues that have been identified in, or have arisen. from, 
debates over some late lessons from early warnings that the 
EEA has identified. Such Issues include lhc contingent nature 
of knowledge: approaches 10 uncenainty, ignorance and "sur· 
pri&es"; appropriate strengths of evidence for policy· !lctioris; 
the biases in 1he environmental health sciences; public par­
ticipation in risk analysis and· in choices over innovation 
pathways: and the need for more realism and transparency 
in the evaluation of evidence about complex ecological and 
biological realities. 

These issues are pnnicularly relevBIIt to the potential haz· 
ards that are now emerging from, inter alia, nanotechnology, 
where scientific ignorance predominates [85]; from the non­
ionising radiations arising from the use of mobile phones 
and power Jines; and fn?m endocrine disrupting substances. 
Such issues requitt: new approac~cs that, inter alia, involve 
elements of what bas been called pOst normal science [861. 

The capaciry of"homo sapiens•· (who should perhaps be 
called, with less hubris, .. homo stupidus" as few, if any other 
species, conscioUsly "destroy dteir habitats) to fo~see and 
forestall disasters, appears to be limited, as dte EEA repons 
on latC lessonS iJiu.strate." . . 

Societies could, however, with more humility in the face 
of uncertainty and ignorance, heed the late lessons and, aided 
by a wider, yet wi.se application of the precautionary princi· 
pie, anticipate and minimise hazanls. In so doins they would 
stimulaJe more participatory risk analysis and governance: 
the use ofmor; rc8iistic and trwparent systems se"icneei and 
tbe development of more socially robust and technologically 
diverse technological and social innovations. 

Three main scenarios seem to face us with EMF, partic­
ularly with the RF from mobile phones. The first is similar 
to lhc case studies in !he EEA reports on late lessons, where 
much avoidable harm was nor prevented. The second is where 

precautionary actions to reduce EMF exposures aven much 
potential hann, whilst stimulating more sustainable innova­
tion in the production and usc of mobile phone rechnologics 
and energy systems. ~d lf!e thifd i_s where su_ch ~ution­
ary actions to reduce exposures are taken but they, tum out 
to bavc been ullll.ccc5sary. if reasonable. given lhe stale of 
knowledge today. ~ choice is ours: to act or not 10 act. u.s 
Shakespeare might have said. .. · 
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Electromagnetic fields (EMF), in both ELF (extremely low frequency} and radio frequency (RF) ranges. activate the cellular 5tress respon.~e. 
a protcaive mechanism lhat indu(Cs the upression of stress response senes, e.g .• HSP70, and increased levels of stress proteins. e.g~ hsp70. 
The 20 di!Tcrenl stress protein families are evolutionarily conserved and act as 'chaperones' in dlc cell when they 'help' repair and refold 
damaged proteins and lnlnsport them across cell membranes. Induction of lhc stress response invoJves activation of DNA. and despite t~ 
large ditTerence in energy between ELF and RF, the same cellular pathways respond in both frequency ranges. Specific DNA sequences on 
the promoter oflhc HSP70 stress gene are responsive to EMF, and studies wilh model biochemical systems suggest tllat EMF coold interact 
direclly with elecuons in DNA. While low enCfl)' EMF intcrac:ts with DNA to induce the stress resixmse. increa.iiin& EMF energy in the RF 
range can lead to breaks in DNA mands. It is clear thac in on!er 10 prou:ctliving cells, BMP safety limitf must be changed from lhe cutTCnl 
lhennal standard, based on energy, 10 one based on biologiCll.l responses mat occur long before the threshold for thermal changes. 
C 2009 Elsevier Ireland Ltd. All rights reserved. 
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I. Electromagnetic: ftdcls (EMF) aller proleln 
synthesis 

Until recently, genetic infonnalion stored in DNA was 
considered essentially invulnerable to change as it was passed 
on from parent to progeny. Mucations, such as those cau.'ied 
by cosmic radiation at the most enetgetic end of die EM spec­
trum. Wei\! thought to be relatively infrequent. The model of 
gene regulation was believed to be that the negatively charged 
DNA was tightly wrapped up in die nucleus with positively 
charged hisrones, and that most genes were 'turned off' most 
of lhe time. Of course, different regions of the DNA code 
are being read more or less all the time to replenish essentiaJ 

Abbl'niazltms: EMf/, decuomqn~li'" fields; H.t, hen.t: f..LP. e111rem~ly 
1- fn:qucncy; Rf, ndio fn=q~~C~~ty; MAPI(, mitop aclimcd prOiein 
ki!UIIC; ERK I \2. QlrKCillllar lipal rc:aulall:d kinase; JNK. c-Jun-lmllllllol 
ld!UIIC p38MAPK; SAPK, 11R11 Klll'alcd. prcuin kinase; NADH. nicoti· 
nunid~ adcnincdinudcotid~ dc:hydropao.e; ROS, reactive OlYI!CD species. 

• Com::aponding aulbor a: ()qMnmc:nt of PhysiotocY. Columbia Univer­
•ity. 630 Wc:al 168 Semel. New York, NY I 0032, 
USA. Td.: 1-l 212 3115 3644; fu: +I 212 30.5 .577.5. 

E·llfaill.lddrrss: mbJ21tcolllll'lbia edu (M. Blank). 

0928-4680/$- ra: front matter C 2009 Elsevier In: land ltd. All rights ~rved. 
doi: IU.I0161j.palbopby•.2009 OI.CXlb 

proteins that have broken down and those needed during cell 
division. 

New insighlS into the structure and function of DNA have 
rcsuJted from numerous. well-done laboratory studies. The 
demonstration that EMF induces gene expression and the 
synthesis of specific prOteins ( 1.2) generated considelllblc 
controversy from power companie&. government agencies, 
physicists, and most recenrly, cell phone companies. Physi­
cists have insisted that lhe reponed results were not pos.'lible 
because there was not enough energy in the power frequency 
range (ELF) to activate DNA. They were thinking solely of 
mechanical interaction with a large molecule and not of the 
huge hydration energy ti~ up in prorein and DNA structures 
lhal could be released by small changes in charge f 3). Of the 
biologists who accepted. such results [4), most thought that 
1he EMF interaction originated at. and was amplified by, the 
cell membrane and not with DNA. 

It is now generally aceepted that weak EMF in the power 
frequency range can activate DNA to synthesize proteins. 
An EMF reactive sequence in the DNA has been identified 
(5) and shown to be tnmsfcrable to other gene promoters 
[ 6]. This DNA sequence acts as an EMF sensitive anrcnna 



72 M. Bialik, R. G(J(>dmanll'alhaphysioloo 16 (2009} 71-78 

HSP HSP HSP 
MYC A IIYC C MYC B 
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Fig. I. Diagram of the HSP70 promottr -howin1 the two different DNA •equcncc1 that have been identiticd L~ ~etivated by EMF (non-lhermall illld hy 
lbennalslimuli, ICSJI"ti¥dy. The EMF domain conwns dim: nCTCTn comens\IS sequences (c:lcciiOmqnetic respoii!.C elements: fiMRE), and: differs from 
the constnsu1 sequence (nGAAn) in the rcmpcr111ure or thmnal domain. 

that responds to EMF when transfected into reponer genes. 
Research at the more energetic levels of power frequency 171 
and in the RF IRI ranges has shown that exposure to EMF 
can lead to breaks in lhe DNA strands. Therefore, DNA can 
no longer be considered unaffected by environmental EMF 
levels. It can be activated and damaged by EMF at levels that 
arc considered safe 19]. The vulnerability of DNA to environ· 
mental inRuences and the possih1e dangers associated wilh 
EMF, had been underscored by discovery of EMF activation 
of the cellular stress response in the ELF range (I 0.11). The 
cellular stress response is an unambiguous signal by the cell 
that EMF is potentially harmful. 

2. Physiological stress and ceHular sti'IJSS 

Discussions of physiological stress mechanisms usually 
describe responses or the body to pain. fear. 'oxygen debt' 
from muscle overexenion. These responses are mediated by 
organ systems. For example. the nervous system transmits 
action potentials along a network of nerves to cells, such 
as adrenal glands, that release rapidly acting agents such as 
epinephrine and norepinephrine and slower acting mineralo· 
conicoids. These hormones are transported throughout lhe 
body by the circulatory system. They mobilize the defenses 
to cope with the adverse conditions lUid enable the body to 
'fight or flee' from the noxious stimuli. The defensive actions 
include changes in hean. rate, breathing rate, muscle activity, 
etc. 

In addition to the responses of organ systems. there are pro­
tective mechanisms at the cellular level known as the cellular 
stress response. These mechanisms are activated by damage 
to cellular component.~ such as DNA and protein [ 12), and 
the responses tlre chanacterized by increased levels of stress 
proteins (13 J indicating that stress response genes have been 
upregulated in response to the stress. 

The ftrst strcll.~ response mechanism identified was the 
cellular reaction to sharp increases in temperature (141 and 
was referred to as 'heat shock', a tenn that is still retained 
in the nomenclature of the protective proteins. the hsps. heat 
shock proteins. Stress proteins III'C desi~;nated by the prcr!X 
'hsp' fo11owed by a number that gives the molecular weighc 
in kilodaltons. There are about 20 different protein families 
ranging in molecular weight from a few kilodaltons to over 

lOOkD. with major groups of proteins around 30kD. 70kD 
and90kD. 

Research on the 'heat shock' response ha~ shown that hsp 
synthesis is activated by a \'aricty of stresses that are poten­
tially harmful to cells, including physical stimuli like pH and 
osmotic pressure changes, as well as chemicals such as alco­
hol and tox.ic metal ions like Cd2+. EMF is a recent addition 
to the list of physical slimuli. It was initially shown in the 
power frequency (extremely low frequency, ELF) range I I 3 J, 
but shonly afterwards, radio frequenL'Y (RF) fields 115) and 
amplitude modulaled RF fields 1161 were shown to activate 
lhe same stress response. 

Studies of stress protein stimulation by low frequency 
EMF have focused on a specific DNA sequence in the 
gene promoter that codes for hsp70, a major stress pro­
tein. Synthesis of this stress protein is initiated in a region 
of the promoter (see Fig. I) where a transcription factor 
known as heat shock factor 1 (HSF-1) binds to a heat shock 
element (HSE). This EMF sensitive region on the HSP70 
promoter is upstream from the thermal domain or the pro­
moter and is not sensitive to increased temperature. The 
binding of HSF-1 to HSE occurs at -192 in the HSP70 pro­
moter relalive to the transcription initiation site. The EMF 
domain contains three nCTCTn myc-binding sites -230, 
-166and -160 relative to the lranscription initiation site and 
upstream of the binding sires for the heat shock (nGAAn) and 
serum responsive elements (5.6,17, 18). The electromagnetic 
response elements (EMREs) have also been identified on the 
c-myc promoter and arc also responsive to EMF. The sensitiv­
ity of the DNA sequences. nCTCfn, to EMF exposLLres has 
been demonstrated by transfecting these sequences into CAT 
and Luciferase reporter genes (6 ). Thus. the HSP70 promoter 
contains different DNA regions that are specifically sensitive 
to different stressors, thermal and non-thermal. 

lnduction of increased levels of the major stress protein. 
hsp70, by EMF is rapid, within .5 min. Also it occurs at 
extremely low levels of energy input, 14 orders of mag­
nitude lower than with a thermal stimulus 110). The far 
greater sensitivity to EMF than to temperature change in 
elevating the protective protein, hsp70, has been demon­
strated 10 have potential clinical application, pre\·enting 
injury from ischemia reperfusion ]19-211. George et al.J22( 
have shown the non-invasive use of EMF-induced stress pro­
teins improved hemodynamic JXII'IllllCiers during reperfu~ion 
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Fig. 2. The four mitogen IICiivated protein ltinue IMAPK) signalin1 cascades identified to dale are: er.lracellwar 1ignal rtJUlaled kinase 112 (ERK), c:-JIIn­
tenuinll kinase (JNK), p)8MAPK and $Ire&$ activated protein kinase (SAPK). Elema!IS of tile three MAPkinase pathways lbll have been idcmilic:d as ac:Dvated 
by EMF are sbovm Ill tbc: libadcd circles. 

following ischemia. This effect occurred in the absence of 
measurable increused temperature. 

3. EMF lnteratdon with signaling pathways 

EMF penetrate cells unattenuated and so can interact 
<firectly wilh !he DNA in the cell nucleus, as well as other 
cell constituents. However, biological agents are impeded by 
membranes and require special mechanisms to gain access to 
me cel1 interior. Friedman ct a\.[231 have demonstraled that 
the initial step in trWJsmitting extracellular information from 
the plasma membrane to the nucleus of the cell occurs when 
NADH oxidase rapid1y generates reactive oxygen species 
(ROS). These ROS stimulate malrix metalloprotcinases that 
allow them to cleave and release heparin binding epidennal 
growth factor. This secreted factor activates the epidennal 
growth receptor, which in tum activates the extracellular sig­
nal regulated kinase I \2 (ERK) cascade. The ERK cascade 
is one of the four mitogen-activated protein kinase (MAPK) 
signaling cascades that regulate transcriptional activily in 
response to extracellular stimuli. The elements of the three 

EMF 
~ " 

~ DNA -+ hsp70 

iiROS l t ? ! T ? 

Signaling Pathways 
Fig. 3. 'Tho; sipalir.J ,_s.\\wa~ lllKi \he am:n TCSpo'IISC ate IICii"'atea by EMF. 
Th; aetivation me~:hani5ms diacusscd in the 1ex1 are in4ieated by lll'J'OWS. In 
lhc cttess response, DNA a&:dvation leads to hsp aynlhesis and may be due lo 
direcl EMF interaction with DNA. Tbe signaling plllhways an: .:livated by 
~live ~ycc:n ipc:cies (ROS) lhal are probably Jeneralcd by EMF. Pouiblc: 
inleraclions betwa:n the: palh-ys, DNA and hsp are indicated wilb quc:slion 
mut1. In lilY 1:811C, EMF kids to acthalion of alllhc proee$1es 1hown. 

MAPK signaling cascades implicated in exposllres to ELF 
and RF are highlighted. in Fig. 2. 

The four MAPKcascades are: (l) ERK, (2) c-lun-terminal 
kinase (JNK), (3} stress activated protein tinase (SAPK) and 
(4} p38SAPK. Each of the cascades is composed of three 
to six tiers of protein k.inases, and their signals 4I'C trans· 
mitted by sequential phosphorylation and activation of the 
protein k.inases in each of lhe tiers. The result is activation 
of a large number of regulatory proteins, which include a set 
of transcription factors.: e.g., c-J un, c-Fos, hsp27 and hsp70. 
Acli.,ation of the stress response is accompanied by acti· 
vation of specific signal transduction cascades involved in 
regulating cell proliferation, differentiation and metabolism 
[24--26]. The MAPK pathways have been characterized in 
several cell types (24,27-30]. Exposure to non-thennal ELF 
as well as thermal RF affects the expression of many cellular 
proteins 123-251 (Fig. 3). 

The elevated expression of these protein transcription fac­
tors participate in the iriduction of various cellular processes, 
including several lhat are affected by cell phones, e.g., repli­
cation and cell-cycle progression (2.5 .31 J and apoptosis [ 32]. 
RF fields have been shown to activate specific transL"Tiption 
factor binding that stimulate cell proliferation and induce 
stress proteins (25,33). It has been reported [31) !hat wilhin . 
10 min of cell phone exposures, two MAPKinasc cascades, 
p38 and ERKI\2, arc activated. Bolh ELF and RF actiya.(e 
the upregulation of the HSP70 gene and induction of elevated 
levels of the hsp70 prorein. This effect on RNA transcription 
and proaein stability is' controlled by specific protein tran­
scription factors that lire elements of the mitogen MAPK 
cascade. 

EMF also stimulate serum response factor which binds 
to the serum response element (SRE) through ERK MAPK 
aaivation and is IIS$OC:ia1ed wl\h injury and repair in vivo and 
in virro. The SRE site is on the promoter of an early response 
gene, c-fos, which under specific cellulllf circumstances has 
oncogenic properties. The c-fos promoter is EMF-sensitive; a 
20 min exposure to 60Hz SomG fields significandy increases 
c1os gene expressionl(34J, The SRE accessory protein, 
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Elk-1, contains a growth-regulated transcriptional activation 
domain. ERK phosphorylation potentiates Elk- I and trans­
activation at the c-fos SRE {29). 

During the past twenty years, the growing use of cellular 
phones has aroused great concern regarding the health effects 
of exposure of the brain to 900 MHz RP waves. Despite 
claims that the energy level is too low to induce changes 
in DNA and that the devices are safe, the non-thermal effects 
that have been demonstrated a1 both ELF and RF exposure 
levels can cause physiological changes in cells and tissues 
even at the level of DNA. Finally, it should be mentioned 
that some of the pathways described in this section also have 
roles in protein synthesis via RNA polymerase Ill, an enzyme 
in oncogenic pathways (351 and could, therefore. provide a 
mechanistic link between cancer and EMF exposure. 

4. Cells atfec:ted by the stress response 

Reviews on EMF and the stress response have appeared for 
the ELF range [l3] and fortheRFrange [36]. The most recenr 
review was published online in section 7 of the Bioinitia­
tive Report [9), and it summarized both ELF and RF studies. 
mainly at frequencies 50 Hz, 60Hz. 900 MHz and 1.8 GHz. 
The citations in that review were not e~baustive, but the differ­
ent frequencies and biological systems represent tbe diversity 
of results on stimulation of DNA and stress protein synthe­
sis in many different cells. It is clear that lhe stress response 
does not occur in reaction to EMF in all types of cells. and 
sometimes because of the use of tissue cultured cell lines. 
even the same cell line can give opposite results in the same 
laboratory [37). 

Many different types of cells have been shown to respond 
to EMF. both in vivo and in vitro, including epithelial, 
endothelial and epidermal cells. cardiac muscle cells, fibrob­
lasts, yeast, E. coli, developing chick eggs, and dipteran cells 
(see Bioinitiative Report [9], section 7). TISsue cultured cells 
are less likely to show an effect of EMF, probably because 
immortalized cells have been changed significantly to enable 
them to live indefinitely in unnatural laboratory conditions. 
This may also be true of cancer cells, although some (e.g., 
MCF1 breast cancer cells) have responded to EMF 138,39), 
and in ffi..60 cells. one cell line responds to EMF while 
another does not {24]. C:zy:zet al.{16) found that p53-dcficient 
embryonic stern cells showed an increased EMF response, but 
the wild type did not. 

A broad study of genotoxic effects (i.e., DNA damage) 
in different kinds of cells 1401 found no effects with lym­
phocytes. monocytes and skeletal muscle cells. but did find 
effects with fibroblasts. melanocytcs and rat granulosa cells. 
Other studies [41.421 have also found that the blood elements. 
such a.~ lymphocytes and monocytes are natural cells that have 
not responded. Since mobile cells can easily move away from 
a stress, there would be little selective advantage and evolu­
tionary pressun: for de\'eJoplng !he srres~ re~ponse. 11Je Jack 
of response by skeletal muscle ceUs is related to the need 

Table I 
Biological thresholds in the EI..F range. 

Biololiclll system Threshold Reference 
(p.T)• 

Acceleration of reaction rata 
Na.K·ATPase 0.2--0.J Blank and Soo [4'11 
cylotllromc oxidase O.S-0.6 Blank and Soo (43J 
umithi11e dl:carboxylale -2 Mullins cl al. 1~81 
malonic acid Ollidauun <0.5 Blank and Soo [591 

Biosynthesis of $~ss prole ins 
HL60, Sciara. ye.st, <0.8 Goodman e1 at. [ II 1 
brca5t (1-ITB 12.4, MCfi) <0.8 Lm el al. [39] 
chid embryo (anoxia) -2 DiCarlo et a!. [ 6lJJ 

Breast cancer CMCF7) ccU goowlh 
bloc:k melatonin inhibition 0.2< 1.2 Liburdy ec al. [31!1 

Leulccmia cpidemiolosy O.l-4 Ahlbom ct al. (61 I 
Greenland cl al. [ 62] 

• The estimalai value& are for departures from !he baseline, althoua;h 
Mullins cl al. (1999) and l>iCarlo et al. (2000) generally giw: mDcction 
poiars in the ~espoo.se cunu. Tht leukul.ia cpidemiulogy val~s ve 
not experi111Cntal and are listed for comparison. 

to deseniitize the cells to excessive heating during activity. 
Unlike slow mu~cle fibers that do synthesiL.e hsp70. cells con­
taining fast muscle fihers do not synthesize hsp70 to protect 
them from over-reacting to the high temperatures reached a 
during activity. 

5. EMF-DNA interaction mechanisms: electron 
transrer 

The biochemical compounds in living cells ate composed 
of charges and dipoles that can interact with electric and mag­
ne(ic fields by ,·arious mechanisms. An example discussed 
earlier is the generntion of reactive oxygen species (ROS) in 
activation of the ERK signaling cascade. The cellular stress 
response leading tO the synthesis of Stress proteins is also acti­
vated hy EMP. However. the specific reaction is not known, 
except that it is stimulated by very weak EMF. For this rea­
son, our focus has been on molecular processes that are most 
sensitive to EMF and that could cause the DNA to come apart 
to initiate biosynthesis. We have suggested that direct EMF 
interaction with electrons in DNA is likely for the following 
reasons: 

• The largest effects of EMF would be ex.pected on elec­
trOns because of their high charge to mass ratio. At 
the sub-atomic level, one assumes that electrons respond 
instantaneously compared to protons and heavier atomic 
nuclei, as in the Born-Oppenheimer Approximation. The 
very low field strengths and durations that nctivate the 
stress response and other reactions (Table I) suggeS[ inter· 
action with electrOns, and make ion-based mechanisms 
unlikely. 

• Weak ELF fields have been shown to affect the rates of 
ele~troD lnlnsfer reactions f 43 ,44). A I 0 1J. T rru~gnetic field 
exertsa very small force of only -10-20 Non a unit charge, 
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but this force can move an isolated electron lllOR lhWJ a 
bond length, -1 nm, in ..... J nanosecond. 

• There is a specific EMF responsive DNA sequence that 
is associaccd with the ~ponse to EMF (Fig. I), and that 
retains this property when transfected 

• Displacement of electrons in DNA would cause local 
charging that has been shown to lead to disaggregation 
of biopolymers (45). 

• As tile energy in an EMF stimulus increases, there is an 
increase in single strand brew, followed by double suand 
breaks, suggesting an interaction with EMF at all energy 
levels [46). 

Effects of EMF on electrons in chemical reactions were 
detected indirectly in studies on the Na.K·ATPnse (47), a 
ubiquitous enzyme that establishes the nonnaJ Na and K 
ion gradients across cell membrat~es. Electric and magnetic 
fields, each accelerated the reaction only when tile enzyme 
was relatively inactive. It is reasonable to assume that the 
threshold response occurs when the same charge is affected 
by lhe two fields, so the velocity ( v) of the charge (q) could 
be calculated from these measurements and its nature deter· 
mined. Assuming both fields cxen the same force at the 
threshold. the electric (E) and the magnetic (B) forces should 
be equal. 

F = qE= qvB. 

From this 11 = E/ B. tile ratio of the threshold faelds, 
and by substituting the measured thresholds (4H,49J, 
E=S X 10-4 V/m and 8=!5 X w-7T (O.s~n. we obtain 
u = l01m/.s. This very rapid velocity, similar to that of elec­
trons in DNA [50), indicated that electrons were probably 
involved in the ion transpon mechanism ofthe Na,K-ATPase 
(47). An electron moving at a velocity of UP mls crosses the 
enzyme (-10-8 m) before the ELF fh:ld has had a chance 
to change. This means that a low frequency sine wave sig· 
nal is effectively a rqleated DC pulse. This is true of all low 
frequency effects on fast moving electrons. 

Smdies of effects of EMF on electron transfer in 
cytochrome oxidase, ATP hydrolysis by the Na.K-ATPase, 
and the Bclousov-Zhabotinski (BZ) redox reaction, have led 
to cenain generalizations: 

• EMF can accelerate reaction rates, including electron 
transfer rates 

• EMF acts as a force that competes with the chemical fon:cs 
in a reaction. The effect of EMF varies inversely with the 
intrinsic reaction race, so EMF effects are only seen when 
intrinsic rates arc low. (This is in keeping with the ther­
apeutic eflicat)' of EMF on injured tissue, while there is 
usually little or no effect on normal tissue.} 

• Expcrimenlally dcccnnined thresholds arc low ( ~o.s 11-n 
Wid comparable to levels found by epidemiology. Sec 
Table I. 

• Effects vary with frequency. wilh different optima ror the 
reactions studied: The two enzymes showed broad fre-

qucncy optima close to lhe reaction tumo~er numbers for 
Na.K·ATPase (60Hz) and cytochrome o:tidasc (800Hz), 
suggesting lhat EMF interacted optimally when in syn­
chrony with the molecular kinetics. This is not true for 
EMF interactions with DNA. which are stimulated in both 
ELF and RF ranges and do not appear to involve electron 
transfer reactions with well-defined kinetics. 

Probably the most convincing evidence for a frequency 
sensitive mechanism that involves stimulation or DNA is acti­
vation of protein synthesis in striated muscle. In this na!Ural 
process, specific muscle proteins are synthesized by varyin& 
the rate of the (electrical) action potentials in the attached 
nerves (51 I. The ionic currents of lhe action potentials that 
flow along and through the muscle membnmes. also pass 
through the muscle cell nuclei dul.l contain the DNA codes 
for the muscle proteins. Two frequencies wen: studied in mus­
cle, high ( I 00 Hz) and Jow (I 0 Hz) frequency, com:sponding 
to the frequencies of the fast muscles and slow muscles that 
have different contnlction nucs and different muscle proccins. 
In the experiments, either the fast or slow muscle proteins 
were synthesized at the high or low frequency stimulation 
rates corresponding to the frequency of the action poten­
tials. The clear depen<Jence of the protc.in composition on 
the frequency of the aCtion potentials indicates a relation 
between stimulation and activation of DNA in muscle physi • 
ology. The process is undoubtedly flll' more complicated and 
unlikely to be a simple electron transfer reaction as with 
cytochrome oxidase. It is more probable that an entire region 
of DNA coding for a group of related proteins is activaccd 
simultaneously. 

A mechanism based on electron movement is in keeping 
with them V /m electric field and JL T magnetic field thresholds 
that affect theNa,K-ATPasc. The very small force on a charge 
( -1 o-20 N) can affcc;t an electron, but is unlikely to have a 
direct effect on much more massive ions Wld molecules. espe· 
cially irthcy are hydrated. Ions are affected by the much larger 
DC electric field!l of physiological membrane pruces!les. The 
low EMF energy can move electrons, cause small changes 
in charge distribution and release the large hydration energy 
tied up in protein and DNA stnlctures I 3]. Electrons have been 
shown to move in DNA at great speed (.50),and we have sug· 
gested that RF and ELF fields initiate the stress response by 
directly interacting nnd accelerating electrons moving within 
DNA [52,531. 

A mechanism based on electron movernenc also provides 
insight into why the same stress response is stimulated by 
both ELF and RF even though the energies of the two stim· 
uti differ by orders of magnitude. A typical ELF cycle at 
102Hz lasts 10-2 s and a typical RF cycle at 1011 H~ lasts 
JQ- 11 s. Because the energy is spread over a different num­
ber of cycles/second in the two ranges. the energy/cycle is the 
same in both ELF and RF ranges. Since electron movement 
occurs much faster than' the change or field. both frequen­
cies are seen by rapidly moving electrons as essentially DC 
pulses. Each cycle contributes to elcc;tron movement at both 
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frequencies, but more rapidly at the higher frequency. The 
ftuctuation of protons between water molecules in solution 
at a frequency of about 1012 H1. f54J gives an indication of 
the speed of electron mo\o·ement, and may suggest an upper 
limit of the frequency in which sine wove EMF act as DC 
pulses. 

6. DNA bloiOKJ and the EM spectrum 

Research on DNA and the stress response hal< shown that 
the same biology occurs across divisions of the EM spectrum, 
and that EMF safety standards based on cellular measures 
of potential hnrm should be much stricter. These data also 
raise questions about the utility of spectrum sub-divisions as 
the basis for properly assessing biological effects and set­
ting separate safety standards for the different sub-divisions. 
The frequencies of the EM speciJUm form a continuum. and 
division into frequency bands is only a convenience that 
makes it easier to assign and regulate different ponions of 
the spcclnlm for practical uses. such as the differeD! design 
requirements of devices for EMF generation and measure· 
ment. Except for the special case of the visual range. the 
frequency bands are not based on biology, and the separate 
bando; now appear to be a poor way of dealing with bio­
logical responses needed for evaluating safety. The DNA 
studies indicate the need for an EMF safel)' standard rooted 
in biology and a rational basis for assessing health implica­
tions. 

DNA responses to EMF can be used to create a single scale 
for cvalucuion of EMF dose because: 

• The same biologicol responses are stimulated in ELF and 
RF ranges. 

• The intensity of EMF interactions with DNA leads to 
greater effects on DNA as the energy increases with fre· 
quency. In the ELF range, the DNA is only activated to 
initiate protein synthesis, while single and double strand 
breaks occur in the more energetic RF and ionizing 
ranges. 

A scale based on DNA biology also makes possible an 
approach to a quantitative relation between EMF dose and 
disease. This can be done by utilizing the daua banks that 
have been kept for A-bomb exposure and victims of nuclear 
accidents, data that link exposure to ionizing radiation and 
subsequent developmenl of cancer. Utilizing experimental 
studies of DNA breaks with ionizing radiation, it is possi­
ble in principle to relate cancer incidence to EMF exposures. 
It should be possible to detennine single and double strand 
breaks in a standard preparation of DNA, caused by exposure 
to EMF for a specified durntion. under standard conditions. 
Although many studies of DNA damage and repair rates 
under different conditions would be needed. this 11ppcars to 
be a possible experimcnlal approach to assessing the relation 
between ~F exposure and disease. 

7. The stress response ud safely standards 

Most scientists believe thai. basic research eventually pays 
off in practical ways. This has certainly been true of EMF 
research on the stress response, where EMF stimulated stress 
proteins have been used to minimize damage to ischemic 
tissues on reperfusion. However, more importanlly. biologi­
cal effects stimulated by both ELF .and RF have shown that 
the standards used for developing sofety guidelines are not 
protective of cells. 

First and foremost, it is imponant to realize th.at the 11tress 
. response occurs in reaction to a potentially harmful envi­
ronmental infiuenct.:. The stress response is un unambiguous 
indication that cells react to EMF as potentially harmful. It is 
therefore an indication of compromised cell safety, given by 
the cell, in the language or the cell. The low threshold level 
of the stress response shows that the current safety stand.ards 
an: much too high to be considered sofe. 

In general. cellular processes are unusually sensiti\·e to 
fields in the environment. The biological thresholds in the 
ELF range (Table 1) arc: in the range of 0.5-1.0!-LT-not 
very much higher than the ELF b.ackgrounds of -O.IJJ.T. 
The relath·ely low field strengths that can affect biochem­
ical reactions is a further indication that cells arc able to 
sense potential danger long before there is an increase in 
temperature. 

EMF research has also shown that exposure dur.ations 
do not have to be prolonged to have an effect. Litovitz et 
al. 155,561, working with the enzyme ornithine decarboxy· 
la.o;e, showed an EMF response when cells were exposed 
for only JOs to ELF or ELF modulnted 915MH7.. pro­
viding that the exposure wao; continuous. Gaps in the sine 
wave resulted in a reduced respon!iC, and interference with 
the sine wave in the form of superimposed ELF noise also 
reduced the response [.57). The interfering effect of noise 
has been shown in the RF range by l..ai and Singh [46). 
who reponed that noise interferes with the ability of an 
RF signal to cause breaks in DNA strand.<~. The decreased 
effect when noise is added to a signal is yet another indi­
cation that EMF energy is not the critical factor in causing 
a response. In fact, EMF noise appears to offer a techno!· 
ogy for mitigating potentially harmful effects of EMF in the 
environment. 

EMF research ha.s shown that the thermal standard used 
by agencies to measure safety is at best incomplete. and 
in reality not protective of potentially harmful non-thermal 
fields. Non-thermal ELF mechanisms are as effective as ther­
mal RF mechanisms in stimulating the stress response and 
other protective mechanisms. The current safety standard 
based on thcnnal response is fundwncmally finwcd, and not 
protective. 

Finally. since both ELF and RF octivate the same biology, 
simultaneous exposure to both is probably additi\'e and tolal 
EMF exposure is important. Safety standards must consider 
total EMF exposure and not separate standards for ELF and 
RF ranges. 
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Abltrad 

A major toncem of lhe adverse effcru of cxpo.\Ute to non-ionizing eleclrDmagnctic field (EMF) is cancer induction. Since the majority of 
cancers are initiated by damage to a tell's genome. studies have been carried out to investigate lhc effects of elc.:trom.qncti<: fields on DNA and 
cluomosomal sttucturt. Addltionally, DNA damage can lead to changes in cellular functions and cell death. Single cell gel electrophoresis, also 
known as the 'comet assay', has been widely used in EMF research to detennine DNA damage. rcftected as singlc·strllnd breaks, double·strand 
breaks. and crosslinks. Studies have also been carried out to investisate chromosomal conformatioOal chan&es and micronuelcus fonnation 
in cells after exposure to EMF. This review describes the oomet assay and its utility to qualitatively 'and quantitatively assess DNA damage, 
reviews studies lhat have investigated DNA strand breaks and olher changes in DNA Slnlelurc. and 1heo discusses imponantlessons learned 
from our work in this area. ' 
C 2009 Elsevier bdand Ltd. All rights reserved. 
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1. The comet assay for measurement otDNA strand 
breaks 

DNA is continuously damaged by endogenous and exoge· 
nous factors and then repaired by DNA repnir enzymes. Any 
imbalance in damage and repair and mistakes in repair result 
in accumulation of DNA damage. EvcntuaUy, this will lead 
to cell dealh, aging, or cancer. There are severaJ types of 
DNA lesions. The common ones that can be detected easily 
are DNA strand breaks and DNA crosslinks. Slr&\nd breaks in 
DNA are produced by endogenous factorS, such as free JUdi· 
cals generated by mitochondrial respiration and metabolism, 
IUld by exogenous agents, including UV. ionizing and non· 
ionizing radiation. and chemicals. 

There arc two types of DNA sua.nd break.~: single· and 
double-strand breaks. DNA sinale-strand breaks include 
frank breaks and alkali labile sites. such as base modjfica· 
tion, dcamination, depurination, and a1kylation. These are 
the most commonJy assessed lesion!! of DNA. DNA double­
strand breaks are very critical for cells and usually they are 
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lethal. DNA strand breaks have been correlated with cell 
death 11-5), aging (6-81 and cancer [9-13). 

Several techniques have been developed to analyze single· 
and double-strand breaks. Most commonly used is micro· 
gel electrophoresis, also. called the 'comet assay' or 'single 
cell gel electrophoresis'. This technique involves mixin1 
cells with agarose. making microgels on a microscope slide, 
lysing cells in the miCrogels wilh salts and detersents, 
removing proteins from DNA by using proteinase K, unwind· 
ing/equilibrating and electrophoresing DNA (under highly 
alkaline condition for assessment of single-strand breaks or 
under neutral condition for assessment of DNA double-strand 
breaks). fixing the DNA}visualil.ing the DNA with a fluores­
cent dye, and then ana.Jyzing migration patterns of DNA from 
individual cells with an image analysis system. 

The comet assay is a very sensitive method of detect­
ing single· and doublc-sii'IIJid breaks if specific criteria arc 
met. Critical crileria include the following. Cells from tis· 
sue culture or laboratory animals should be handled with 
care to minimize DNA damage, for instance, by avoiding 
light and high temperature. When working with animals 
exposed to EMF in vivo, it is better to anesthetize the animals 
with C02 before harvesting tissues for assay. Antioxidants 
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such as albumin and sucrose, or spin-trap molecules such 
as a-phenyl-len-butyl nitrone (PBN), should be added dur­
ing dispersion of tissues into single ceJls. Cells should be 
lysed at 0-4 °C to minimize DNA damage by endonucle­
ases. Additionally, antioxidants such as tris and glutathione, 
and chelators such as EDTA. should be used in the lysing 
solution. High concentrations of dimethylsulfoxide (DMSO) 
should be avoided due to its chromatin condensing effccr. 
Treatment with proteinase K (PK; lyophilized DNAsc-frce 
proteinasc:-K from Amresco is ideal} at a concentration of 
0.5-l mg/ml (depending upon cell type and number of cells 
in the microgel) should be used for l-2h at 37 °Cto reveal all 
possible strand breaks which otherwise may go undetected 
due to DNA-protein crosslink.s. Longer times in PK will lead 
to loss of smaller pieces of DNA by diffusion. Glass slides 
should be chosen based on which high resolution agarose 
(3: I high resolution agarose from Amresco is ideal) wiiJ stick 
well to the slide and on the ability of the specimen to be visu­
alized without excessive fluorescence b<lckground. Choice 
of an electrophoresis unit is important to minimize slide-to­
slide variation in DNA migration pattern. A unit with unifonn 
electric field and buffer recirculation should be used. Elcc~ 
trophoresis buffers should have antioxidants and chelators 
such as DMSO and EDTA. DNA diffusion should be mini­
mized during the neutralization srep by rapidly precipitating 
the DNA. Staining should employ a sensitive fluorescent dye, 
such as the intercalating fluorescent labeling dye YOY0-1. 
A cell-selection criteria for analysis should be &et before the 
experiment, such as not analyzing cells with too much dam­
age. although. lhe number of such cells should be recorded. 

There are different versions of the comet assay that have 
been modified to meet the needs of specific applications and 
to improve sensitivity. Using the most basic fonn of the 
assay. one should be able to detect DNA strand breaks in 
human lymphocytes that were induced by 3 rud of gamma.-ray 
[14,15]. 

l. Radlof'requency radiation CRFR) and DNA 
damage 

[n a series of publications, Lai and Singh 116-I 91 reponed 
increases in single- and double-strand DNA breaks, as mea­
sured by the comet assay. in brain cells of rats exposed for 2 h 
to a 2450-MHz RFR at whole body specific absorption rute 
(SAR) between 0.6 and 1.2 WJkg. The effects were blocked 
by antioxidants, which suggested involvement of free radi­
cals. At the same time, Sarkar ct al. (201 exposed mice to 
2450-MHz microwaves at a power density of I mW/crnl for 
2 h/day o-ver a period of J 20, I SO, and 200 days. Rearrange­
ment of DNA segments were observed in testis and brain 
of exposed animals. Their data also suggested breakage of 
DNA strands after RFR exposure. Phillips et al. [21 J were 
the first to study the effects of two fonns of cell cellular 
phone signals, known as TDMA and iDEN. on DNA dam­
age in Molt-4 human lymphoblastoid cells using the comet 

assay. These cells were exposed to relatively low intensities 
of the fields (2.4--26JJ.W/g) for 2-21 h. They reponed both 
increased and decreased DNA damage. depending on the type 
of signal studied, as well as the intensity and duration of expo­
sure. They speculated that the fields may al'l'cct DNA repair in 
cells. Subsequently. different groups of researchers have also 
reported DNA damage in various types of cells after expo­
sure to cell phone frequency fields. Diem ct al. [221 exposed 
human fibroblasts and rat granulosa cells to cell phone signal 
(]800MHz~ SAR 1.2 or 2 Wlkg; djfferent modulations; for 
4, 16 and 24 h; intennittent 5 min on! I 0 min off or continu­
ous). RFR exposure induced DNA single- and double-strand 
breaks as measured by the comet assay. Effects occurred afler 
16 h of exposure lO different cell phone modulations in both 
cell types. The intermittent exposure schedule caused a sig­
nificantly stronger c:tli:ct than continuous exposure. Gandhi 
lind Anita 1231 reponed increases in DNA srrand breaks and 
micronucleation in lymphocytes obtained from cell phone 
users. Markova et al. [24 I reported that GSM signals affected 
chromatin conformation and 'Y-H2AX foci that co-localized 
in distinct foci with DNA double-strand breaks in human 
lymphocytes. The effect was found to be dependent on carrier 
frequency. Nikolova et aJ. [251 reported a low and transient 
increase in DNA double-strand breaks in mouse embryonic 
stem cells after acute exposure to a 1.7-GHz field. Lixia et 
al. 1261 reported an increase in DNA damage in human lens 
epithelial cells at 0 and 30 min after 2 h of exposure to a 
1.8-GHz f~eld at 3 Wlkg. Sun et al. (271 reponed an incre~ 
in DNA single-strand breaks in human lens epithelial cells 
after 2 h of'c:xposure to a I. 8-GHz field at SAR~ of 3 and 
4 Wlkg. DNA damage caused by the field at 4 Wlks was irre­
versible. Zhang et al. [21! I reported that an 1800-MHz field at 
3.0 W /kg induced DNA damage in Chinese hamster lung cells 
after 24 h of exposure. Aitken et aJ. (291 exposed mice to a 
900-MHz RFR at a SAR of 0.09 WJkg for 7 days at 12 h per 
day. DNA damage in caudal epididymal spennatozoa was 
assessed by quantitative PCR (QPCR) as well as by alka­
line and pulsed-Ueld gel dectrophoresi.~. Gel electrophoresis 
revealed no significant change in single- or double-strand 
breaks in spermatozoa. However, QPCR revealed statistically 
significant damage to both the mitochondrial genome and the 
nuclear 13-globin locus. Changes in sperm cell genome after 
exposure to 2450-MHz microwaves have al.so been reponed 
previously by Sarklll et al. (201. Related to this are sev­
eral publications that have reponed decreased motility and 
changes in morphology in isolated spcnn cells exposed to 
cell phone radiation (30J, sperm cells from animals exposed 
to cell phone rudiation [311, and cell phone users I 32-341. 
Some of these in vi11o effects could be caused by honnonal 
changes (35,361. 

There also are studies reporting no significant effect of cell 
phone RFR exposure on DNA ds.unage. After RFR-induced 
DNA damage was reponed by Lai and Singh (161 using 
2450-MHz microwaves and after the repon of Phillips et 
al. (211 on cell phone radiation was published, Motorola 
funded a series of studies by Roti Roti and colleagues 1371 at 
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Washington University to investigale DNA strand breaks 
in cells and animals exposed to RFR. None of the stud­
ies reponed hy this group found significant effe<:ts of RFR 
exposure on DNA damage (38-40). However. a different ver­
sion of the comet assay was used in these studies. More 
recently, four additional studies from the Roti-Roti labora­
tories aJso reported no significant effects on DNA damage 
in cells exposed to RFR. Li et al. r41 I reported no signif· 
icant change in DNA strand breaks in murine C3H IOTI/2 
fibroblasts after 2 h of exposure to 847.74- and 835.02-
MHz fields at 3-S W/kg. Hook ct al. [42) showed that a 
24-h exposure of Molt-4 cells to COMA. FDMA. iDEN or 
TDMA-modulatcd RFR did not significantly alter the level of 
DNA damage. Lagroye et al. [43 .441 also reported no signifi­
cant change in DNA strand breaks. protein-DNA crosslinks, 
and DNA-DNA crosslinks in cells exposed to 2450-MHz 
RFR. 

From other laboralories. Vijaya)~mi eta!. [451 reported 
no increase in DNA stand breaks in human lymphocytes 
exposed in vitro to 2450-MHz RFR at 2.135 W/kg for 2 h. 
Tice et al. [461 measured DNA single-strand breaks in human 
leukocytes using the comet assay after el[posure to various 
fonns of cell phone signals. Cells were exposed for 3 or 24 hat 
averageSARs of 1.0-10.0 Wlkg. Exposure for either 3 or 24h 
did not induce a significant increase in DNA damage in leuko­
cytes. McNamee et al.[47-49] found no significant increase 
in DNA breaks and micronucleus formation in humllR leuko­
cytes exposed for2htoa I .9-GHzficldatSAR up to lOW/kg. 
Zenietal. [SO) reponed that a2-hexposureto900-MHzGSM 
signal a1 0.3Md J W/kg did nut significantly af1C4:tlc:vels of 
DNA strand breaks in humiUI leukocytes. Sakuma ct al. IS I I 
exposed human glioblutoma Al72 cells and nonnaJ human 
IMR-90 fibroblasts from fetal lungs to cell phone radiation 
for 2 and 24 h. No significant changes in DNA scrand breaks 
were observed up to a SAR of800mWika. Stronati et aJ. [52) 
showed that 24 h of exposure to 935-MHz GSM basic signal 
111 l or 2 W /Kg did not cause DNA slriUid breaks in human 
blood cells. Verschaeve et aJ. (53) reported that long-tenn 
exposure (2 h/day, S days/week for 2 years) of rats to 900-
MHz GSM signal at 0.3 and 0.9 WJkg did not significanlly 
affect levels of DNA strand breaks in cells. 

3. ExtremdJiow frequency dectromapeUe fields 
(ELF EMF) and DNA damage 

To complete the picture. a few words on the effects of ELF 
EMF are required. since cell phones also emit these fields and 
they arc another common form of non-ionizing EMF in our 
environment. Quite a number of studies have indicAted chal 
exposure to ELF EMF could lead to DNA damage 154-69]. 
Jn addition. two studies (70, 71 ) have reported effects of ELF 
fields on DNA repair mechanisms. Free radicals and interac­
tion with transitional metals (e.g .• iron) (60,62.63,69) have 
also been implicated to play a role in the genotoxic effects 
observed after exposure to these fields. 

4. Some c:onslderadoa.s oa &be eftec:ls or EMF on 
DNA 

From this brief literature survey, no consistent panem of 
RFR exposure inducing changes in or damage to DNA in 
cells nnd organisms emerges. However, one can conclude that 
under certain conditions of exposure, RFR is genocoxic. Data 
available are mainly AJ)plicablc only to radiation exposure 
that would be typical during cell phone use. Other than the 
study of Phillips et al. [21 ], there is no indication that RfR at 
levels that one can experience in the vicinity of base stations 
and RF·tnmsmission to~ers could cause DNA damage. 

Differences in experimental outcomes arc expected since 
many factors could influence the outcome of experiments 
in EMF research. Any effe<:t of EMF has to depend on the 
energy absorbed by a biologic:o.I org1111ism and on how the 
energy is delivered in space and time. Frequency, intensity. 
exposure duration, and the number of exposure episodes can 
affect the response, and these factors can interact with each 
other 10 produce different effects. In addition. in order to 
understand the biological consequence ofEMF exposure. one 
must know whether the. effect is c\,!llliWI!i,ye, whether ~.<.:'ffi· 
pensatory resj)onses result, and when homeostasis will break 

-dawn. The conlributions of these factors have been discussed 
in a wlk given by one Us (HL) in Vienna, Austria in 1998 
[72). 

Radiation from cell phone transmission has very com­
plex panems, and signals vory with the type of transmission. 
Moreover, the technology is constantly changing. Research 
resulrs from one types of transmission pattern may not be 
applicable to other types. Thus, differences in outcomes of 
the research on genotoxic effects ofRFR could be explained 
by the many different exposure conditions used in the studies. 
An example is the study of~ llips et al. 1211. which demon­
_sttutcd that different cell pl!Qoe_~i~~uld cause different 
effects on DNA (i.e., an increase in stran<i'brew after expo­
sure to one type of signal 'and a decrease with another). This is 
funher complicated by the fact thataome of the studies listed 
above used poor exposure procedures with very limited doc­
umentation of exposure parameters, e.g., using an actual cell 
phone to expose cells and animals, dtus rendering the daua 
from these experiments as questionable. 

Another source of inl1uence on experimental outcome is 
the cell or organism studied. Many different biologic:ol sys­
tems were used in the genotoxicity studies. Different cell 
types [73) and orgll.l1isms (74.75) may not all respond simi­
larly to EMF. 

Comment &about the comet assay also is required, since 
it was used in many of the EMF studies to determine DNA 
damage. Different versions of the assay have been developed. 
These versions have different detection sensitivities and can 
be used to measure different aspects of DNA strand breaks. A 
compllrison of data from experiments using different \'ersions 
ofthe assny could be misleading. Another C(Jftcern is that most 
of the comet assay studies were carried out by experimenters 
who had no prior experience with this technique IUid mistakes 
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Fig. 1. A n:preoentation of the Fenton reaction and liS role IS a mediator in 
EMF-indPted l>ioeffcct.•. 

were made. For example. in lhc study by f...aBroyc et al. [431 
to investigate lhe effect of PK digestion on DNA migration 
after RFR exposure, PK was added to a lysing solution con­
taining the deteraent Triton X-100, which would inactivate 
the e117.yme. Our experience indicates that the comet assay 
is a very sensitive Wld requires great care to perfonn. Thus, 
different detection sensitivities could result in different labo­
ratories, even if the same procedures are followed. One way 
to solve this problem of experimental variation is for each 
research team to repon the sensitivily of their comet assay, 
e.g., lhe threshold of detecting strand breaks in human lym­
phocytes exposed to X-rays. This infonnation has generally 
not been provided for EMF-genotoxicity studies. Interest­
ingly, when such infonnation was provided, a large range or 
sensitiviaies have been reponed. Malyapa et al. [ 40] reponed a 
detection level of0.6 cOy of gamma radiation in human lym­
phocytes, whereliS McNamee et al. [761 reponed to-so coy 
of X-irradiation in lymphocytes, which is much higher than 
the generally acceptable detection level or the comet liSsay 
[IS]. 

A drawback in the interpretation and undcrsumding of 
experimental data from bioelectromagnetics research is th4t 
there is no general acceptable mechanism on how EMF 
affects biological systems. The m~hanism by whicJI EMF 
produces changes in DNA is unknown. Since the energy level 
associated with EMF exposure is not sufficient to cause direct 
breakage of chemical bonds within molecules. the effects are 
probably indirect and secondary to other induced biochemical 
changes in cells. 

One possibility is that DNA is damaged by free radicws 
that arc fonned inside cells. Free radicals aff~t cells by dam­
aging macromolecules, such as DNA. protein, and membrane 
lipids. Several repons have indicated that EMF enhances free 
radical activity in cell.s I 18.19,61,62.77.781. particularly via 
the Fenton reaction 162[. The Fenton reaction is a process 
catalyz.ed by iron in which hydrogen peroxide, a product of 
Oll.idative respiration in the mitochondria, is convened into 
hydroxyl fn:e radicals, which are very potent and cytotoxic 
molecules (Fig. I). 

It is interesting that ELF EMF has also been shown to 
cause DNA damage. Furthermore. free radicals have been 
implicated in this effect of ELF EMF. This funher supports 
the view that EMF affects DNA via Wl indirect secondary 
process, since the energy content of ELF EMF is much lower 
than lhat of RFR. Effects via the Fenton reaction predict how 
a cell would respond to EMF. For instance: 

( I ) Cells that are metabolically active would be more sus­
ceptible to EMF, because more hydrogen peroxide is 
generated by mitochondria to fuel the reaction. 

(2) Cells that have high level of intracelluJar free iron would 
be more vulnerable to EMF. Cancer cells and cells under­
going abnormal proliferation have higher concentrations 
of free iron because they uptake more iron and have less 
ellicient iron storage regulation. Thu!l, these cells could 
be selectively damaged by EMF. Conliequently, this sug­
gests that EMF could potentially be u5ed for the treatment 
of cancer and hyperplastic diseases. The effect could be 
funher enhanced if one could shift anaerobic glycoly­
sis or cancer cells to oxidative glycolysis. There is quite 
a large database of information on the effects of EMF 
(mostly in the ELF range) on cancer cells and tumors. 
The data tend to indicate that EMF could retard tumor 
growth and kill cancer cells. One consequence of this 
considention is that epidemiological studies of cancer 
incidence in cell phone users may not show a tisk at all 
or e\"en a protection effect. 

(3) Since the brain is exposed to rather high levels of 
EMF during cell phone use. the consequences of EMF­
induced genetic damage in brain cells are or puticulaz­
imponance. Brain cells have high levels of iron. Spe­
cial molecular pumps arc present on nerve cell nuclear 
membranes to pump iron into the nucleus. Iron atoms 
have been found to intercalate within DNA molecules. In 
addition. nerve cells have a low capacity for DNA repair, 
and DNA breaks could easily accumulate. Another con­
cern is the presence or superparamagnetic iron-particles 
(magnetites) in body !issues. particularly in the brain. 
These particles could enhance free radical activity in cells 
and thus increase the cellular-damaging effects of EMF. 
These factors make nen:e cells more vulnerable to EMF. 
Thus. the effect of EMF on DNA could conceivably be 
more significant on nerve cells than on other tell types of 
the body. Since nerve cells do not divide and arc not likely 
to become cancerous, the more likely consequences of 
DNA damage in nerve cells include changes in <:ellular 
functions and in cell dealh. which could cilher lead to 
or accelerate the development of ncurodegencrlltive dis­
eases. Double-strand breaks, if not properly repaired, are 
known to lead to cell death. Cumulative DNA damage in 
nerve cells of the brain bas been associa1ed with neurode­
generative diseases. such as Alzheimer's, Huntington's, 
and Parkinson's di5c:ases. However. another type of brain 
cell, the glial cell, can become cancerous as a result of 
DNA damage. The question is whether the damaged cells 
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would develop into tumors before they are killed by EMF 
due to over OK:cumulation of genetic damages. The out­
come depends on the interplay of these different physical 
and biological factors-an inc:reiiSe, dccre11se. or no sig­
nificant change in cancer risk could reliUit from EMF 
exposure. 

(4) On the other hand, cells with high amounts of 
antioxidants and antioxidalive enzymes would be less 
susceptible to EMF. Furthennore, the effect of free 
radicals could depend on the nutritional status of an 
individual, e.g., availability of dietiU'y antioxidants, con­
sumption of alcohol, and amount of food consumption. 
Various life condidons. such liS psychological sttess and 
strenuous physical exercise, have been shown to increase 
oxidative stress and enhance the effect of free radicals in 
the body. Thus. one can also speculate that some indi­
viduals may be more susceptible to the effects of EMF 
exposure. 

Additionally, the work of Blank and Soo [791 and Blank 
and Goodman [80) support the possibility that EMF exposure 
at low levels has a direct effect on electron transfer processes. 
Although the authors do not discuss their work in the con­
text of EMF-induced DNA damage,lhe possibility exists that 
EMF exposure could produce oxidative damage to DNA. 

S. Lcssoas learned 

Whether or not EMF causes biological effects, let alone 
effects that are detrimental to human health and development, 
is a contentious issue. The literature in this area abounds 
with apparently contradictory studies, and as presented in this 
review. the literature specific to the effects of RFR exposure 
on DNA damage and rep11ir in various biological systems is 
no exception. As a consequence of this controversy, there 
are several key issues that must be addrcss~ontrary data, 
weight of evidence, and data interpretation consistent wilh 
known science. 

Consider thai EMF does not share the familiar and com­
forting physical propenles of chemical agents. EMF cannot 
be seen, wted, smelled, or felt (except at high intensities). 
It is relevant, therefore, to ask, in what ways do scientists 
respond to data, especially if that data arc contrary to their 
scientific beliefs or inconsistent with long·held hypotheses? 
Often such data arc ignored, simply because it contradict what 
is accepted as conventionol wisdom. Careful evaluation and 
interpretation of data may be difficult, because technologies 
used to expose biological systems to EMF and methodologies 
used to assess dosimetry generally o.re outside the experience 
of most biomedical scientists. Addmona.Jly, it is often diffi. 
cult to assess differences in methodologies between studies. 
one or more of which were intended to replicate an origi­
nal investigation. for instance, Malyapa et al. [40] reponed 
what they claimed to be 11 replic11tion of the work of Lai 
and Singh I 161. There were. however, signifiCant differences 

in the comet analy5es used by each group. L4i and Singh 
precipitated DNA in agarosc so lhat low levels of DNA dam­
age could be detected. Malyapa et al. did not. Lai and Singb 
treated their samples with PK to digest proteins bound to 
DNA, th\15 allowing DNA to move toward the positive pole 
during electrophoresis (unlike DNA. most proteins are nega­
tively chllJied. and if they arc not n:moved they wiiJ drag the 
DNA toward the negative pole). The Malyapa et al. study did 
not use PK. There were other methodological differences as 
well. Such is also the case in the study of Hook et al. [421, 
which attempted to replicate the work of Phillips et al. (21]. 
The latter group used a PK treatment in their comet IISsay. 
while the former group did not. 

While credibility is enhanced when one can relate data 
to personal knowledge and scientific beliefs. it has not yet 
been determined bow RFR couples with biological systems 
or by what mechanisms effects are produced. Even carefully 
designed and well executed RFR exposure studies may be 
summarily dismissed as methodologically unsound, or the 
data may be interpreted as invalid because of inconsisten­
cies with what one believes to be correct. The quintessential 
example is the beUef that exposure to RFR can produce no 
effects that are not related to the ability of RfR to produce 
heat, that is, to ruise the temperature of biological systems 
[81.821. Nonetheless. there arc many examples of biologi­
cal effects resulting from low-level (athennal) RFR exposure 
[83,84]. Consider here the work ofMasbevichet al. [8S]. This 
group exposed human peripheral blood lymphocytes to an 
830-MHz signal for 12 hand at different average SARs (SAR, 
1.6-8.8 W /kg). Tempemtures ranged from 34.S to 38.5 °C. 
This group observed an increase in chromosome 17 aneu­
ploidy that varied linCIU'ly with SAR. Temperature elevation 
alone in the range of 34.S-38.S °C did not produce this gena­
toxic effect. although significant aneuploidy was observed 
at higher temperatures of 40-41 "C. The authors conclude 
that the genotoxic effect of the radio frequency signal used is 
elicited through a non-thcnnal )Xlthway. 

Also consider one aspect of the work ofPhillipset al.l21). 
In that study, DNA damage was found to vary in direction; 
!hat is, under some conditions of sianal chmOK:teristics, signal 
intensity. and time of exposure. DNA damage increiiSCd as 
compared wilh concurrent unexposed controls, while under 
other conditions DNA damage decreased as compared with 
controls. The dual noturc of Phillips et al.'s [21) results 
will be discussed later. For now consider the relationship of 
these results to other investigations. Adcy et al. [86] per­
formed an in vivo study to detennine if rats treated in utero 
with the carcinogen ethylniuosourea (ENU) and exposed to 
an 836.55·MHl licld with North American Digital Cellular 
modulation (referred to as a TDMA field) would develop 
increased numbers of central system tumors. This a;roup 
reponed thai rather than seeing 1111 increase in tumor inci­
dence in RFR-exposed rats. there was instead a decrease in 
rumor incidence. Moreover, rats that received no ENU but 
which were exposed to the TDMA signal also showed a 
decrease in the number of spon1aneous rumors as compared 
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wilh animals exposed to neilher ENU nor the TDMA :'iignal. 
This group postulated that their results may be mechanis­
tically similar to the work of another group. Stammberger 
et al. [R7) had previously reponed that rats treated in utero 
with ENU and then exposed to low doses of X-irradialion 
exhibited significantly reduced incidences of bruin tumors 
in adult life. Suunmberger and colleagues (87) hypothe­
sl7.ed lhat low-level X-irradiation produced DNA damage that 
then induced the repair enzyme 06-alkylguanine-DNA alkyl­
transferase (AT). Numerous groups have since reported that 
X-irradiation does indeed induce AT activity (e.g., (88,891). 
In this context, it is significant that Phillips et al. [21) found 
that cells exposed in \'itro to a TDMA signal identical to that 
used in the study of Adey el al. [86) produced a decrease in 
DNA damage under specifiC conditions of intensity and time 
of exposure (lower intensity, longer time; higher intensity, 
shorter time). These results raise the intriguing possibility 
that the decrease in tumor incidence in the study of Adey et al. 
[86 J and the decrease in DNA damage in the study of Phillips 
et a!. [21) both may have been the result of induction of AT 
activity resulting from DNA damage produced by exposure 
to the TDMA signal. This remains to be investigated. 

Because the issue of RFR-induced bioeffcclli is con­
tentious, and because the issue is tried in courtrooms and 
various public f0111ms, a tenn heard frequently is weight of 
evidence. This term generally is used to describe a method 
by which allscientilic evidence related to acau.~al hypothesis 
is considered and e\·aluatcd. This process is used extensively 
in matters of regulation, policy, 11nd the law, and ic provides 
a means of weighing result-. across different modalities of 
evidence. When considering the effects of RFR exposure 
on DNA damage and repair, modalities of evidence include 
studies of cells and tissues from laboratory animals exposed 
in vivo to RFR, studies of cells from humans exposed to 
RFR in vi~·o, and studies of cells exposed in vitro to RFR. 
While weight of evidence is gaining favor with regulators 
!90]. its application by scientists to decide matters of science 
is often of questionable value. One of the reasons for this 
is that there generally is no discussion or characterization 
or what weight or evidence actually means in the context 
in which it is used. Additionally. the distinction betwoon 
weight of evidence and strength of evidence often is Jack­
ing or not defined, and differences in methodologies between 
investigators are not considered. Consequently. weight of evi­
dence generally amounts to what Krim.sky 1901 refers to as 
a "seat-of-the-pants qualitative assessment." Krimsky points 
out that according to this view, weight of evidence is "a vague 
tenn that scientists use when they apply implicit. qualitative. 
and/or subjective criteria to evaluate a body of evidence." 
Such is the case in the reviews by Juutilainen and Lang [911 
and Verschaeve ~~nd Maes [92). There is little emphasis on 
a critical analysis of similarities and differences in biolog­
ical systems used, exposure regimens, data produced, and 
investigator's interpretations and conclusions. Rather, there is 
&reatc:r emphasis on the number of publications either finding 
or not finding an effect of RFR exposure on some endpoint. 

To some investigators, weight of evidence does indeed refer 
to the balance (or imbalance) between the number of stud­
ies producing app~nt1y opposing results, wilhout regard to 
critical experimental variables. While understanding me role 
these variables play in determining experimental outcome 
could provide remarkable insights into defining mechanisms 
by which RFR produced biological effects. few Neem inter­
ested in or willing to delve deeply into the science. 

A final lesson can be derived from a statement made by 
Goset al.[93) refening to the workofPhillipsetal. (21 ). Gos 
and cotle.o.gues state, .. The results in Lhe latter study (Phillips 
et al., 1998) are puzl.ling and difficult to interpret, as no con­
sistent increase or decrease in signal in the comet assay at 
various SARs or times of eJtposurc was identified." This state· 
ment is pointed out because studies of the biological effects of 
exposure to electrumagnetic lields at any frequency are often 
viewed as outside of or distinct from what many refer to as 
moinstr~am science. However, what has been perceived as an 
inconsistent effect is indeed consistent with the observations 
of bimodal effects reported in hundreds of peer-reviewed 
publications. These bimodal effects may be dependent on 
concentration of an agent, time of incubation with an agent, 
or some other parameter relating to the state of the system 
under investigation. For ill$tance, treatment of 8 cells for 
a shon time (30 min) with the protein kinase C activator 
phorbol 12, I 3-dibutyrate increased proliferative responses 
to anti-immunoglobulin antibody. wherea.~ treatment for a 
longer period of time (:::3 h) suppressed prolifemtion (9·tl. 
In a study of K-opioid agonisls on locomotor activity in 
mice. Kuzmin et al.(95) reponed that higher, analgesic doses 
of K-agonists reduced rearing. motility. and locomotion in 
non-habituated mice. In contrast, lower. subanalgesic doses 
increased motor activity in a time-dependent manner. Dierov 
et al. [96) observed a. bimodal effect of all-trans-retinoic acid 
(RA) on cell cycle progression in lymphoid cells that wa. .. 
temporally related In the length of exposure to RA. A final 
example is found in the work of Rosenstein et al. (97J. This 
group found that the activity of melatonin on depolarization­
induced calcium influx by hypothalamic synnptosomes from 
rats sacrificed late evening (2000 h) depended on melatonin 
preincubation time. A short preincubation time ( 10 min) stim­
ulated uptake, while a longer preincubation (30 min) inhibited 
calcium uptake. These effects were also dependent on the 
time of day when the rats were sacrificed. Effects were max· 
imal at 2000 h, minimaJ at 2400 h, and intermediate at 400 h. 
At IOOOh, only inhibitory effects of melatonin on calcium 
uptake were observed. These examples point out that what 
appears to be inconsistency may instead be real events related 
to and detennined by the agents involved and the state of the 
biological system under investigation. The resuiL<i of Phillips 
et al. [21) may be the result of signal modulation, signal 
intensity. time of exposure. or state of the cells. The results 
may indicate a bimodal effect, or they may. as the investiga­
tors suggest, represent time- and signal-dependant changes 
in the balance betwoon damage and repair because or direct 
or indirect effects ofRFR exposure on repair mechanisms. 
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6. Summary 

Exposure of labomtory animals ;, vivo and of cultured 
cells in vitro to various radiofrcquency signals bw; produced 
changes in DNA damage in some investigations and not in 
others. That many of the studies on both sides of this issue 
have been done well is encouraging from a scientific perspec­
tive. RFR exposure does indeed appear ro affect DNA damage 
and repair. and the total body of available data contains 
clues a-; to conditions producing effects and methodologies 
to dct~ them. Thi$ view is in contrast to that of those who 
believe that studies unable to replieate the work of others are 
more credible than the original studies, that studies showing 
no effects cancel studies showing: an effect, or thai stud­
ies showing effects are not credible simply because we do 
not understand how those effects might occur. Some may 
be tempted to apply incorrectly the teachings of Sir Karl 
Popper. one of the ,great science philosophers of the 20th 
century. Popper proposed that many examples may lend sup­
pan to an hypothesis. while only one negative instAnce is 
required to refute it 198). While this holds most strongly for 
loaical subjects, such as mathematics, it does not hold well 
for more t'omplex. biological phenomena that are influenced 
by stochastic factors. Each study to investigate RFR-induccd 
DNA damage must be evaluated on its own merits, and then 
studies that both show effects and do not show effects must be 
carcfully evaluated to define 1hc relationship of experimental 
variables to experimental outc:omes and to assess the value 
of experimental methodologies to detect and measure these 
outcomes (see Section 2). 

The lack of a causal or proven mechanism(s) to explain 
RFR-induced eft'eds on DNA damage and repair docs not 

decrease the credibility of studies in the scientific literalurc 
that repon effects of RFR exposure, because there are sev­
eral plausible mechanisms of action that can account ror lhe 
observed effects. The ~latiomhip between cigarette smok­
ing and lung cancer was accepted long before a mechanism 
was established. This. however, occum:d on the strength of 
epidemiologic data (99]. Fortunately, relcvanl epidemiologic 
data relatin,glong-tenn cell phone use (>I 0 years) to central 
ncrvoussy&tcmcumorsarebeginningtoappear(84.100-l02), 
and these data point to an increased risk of acoustic neuroma. 
glioma and parotid gland tumors. 

One plausible mechanism for RFR·induccd DNA damage 
is free radical damage. After finding that two free radi­
cal scavengers (melatonin and N-tert-butyl·a-phenylniuonc) 
prevent RFR-induced DNA damage in rat brain cells. Lai 
and Singh (62) hypothesized that this damage resulted from 
free radical generation. Subsequcndy, other repol'lS appeared 
that also suggested free radical fonnation as a res11lt of RFR 
exposure ( 103-1051. Additionally, some investigators have 
reported that non-thennal exposure to RFR alters protein 
structure and function {106-J09f. Scientists are familiar wilh 
molecules intcractins with proteins through lock-and-key or 
induced-fit mechanisms. It is accepted that such interactions 
provide energy to cbanJc protein conformation and prolein 

funetion.lndeed, discussions of these principJeure presented 
in introductory biology and biocbemisuy courses. Perhaps 
!hen it is possible Chat RFR exposure. in a manner similar to 
lbat of chemical aaents,'providcs sufficient energy to alter the 
stnu:ture of proceins involved in DNA repair mechanisms to 
the extent that their function also is changed. Thls has not yet 
been Investigated. ' 

When sciendscs maintain their beliefs in the face of con· 
trary data. two diametrically opposed situations may result. 
On the one hand, data are seen as either rigbt or wrong and 
the~ is no discussion 10 resolve disparities. On the other 
hand, and as Francis Crick [ 110) bas pointed out. scientists 
who hold lheoreticallyopposed positions may engage in fruit· 
ful debate to enhance understanding of underlying principles 
and advance science in general. While the latter cenainly is 
preferable, there aR external factors involving economics and 
polilics that keep this frcm happening. It is time to acknowl· 
edge this and embark on the path of fNitful discussion. Great 
!lcientific discoveries awail. 
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Abstran 

101 publications arc e~tploited which h11vc studied gcnotoxic:ity of mdiofrtqucncy clectromaanctic: lields (RF-EMP) in vivo and in vitro. 
Of these 49 report a gcnocoxic effect and 42 do not. In addition. 8 studies failed to dete<:t an influena: on lhc genetic material, bul sbowed 
lh11t Rf·EMF enhanced the gcnotoxic: action of other chemical or physical agents. The controversial results may in part be explained by the 
different cellular systems. Moreover, inconsistencies may depend from !he variety of analytical methods being used, which differ considerably 
with respect to sensitivity and specificity. Takins alto,etber there is Bmple evidence that RF-EMF cin alter lhe genetic material of exposed 
cells in viW~ and;,. vitro and in more than one way. This geno101ic action may be mediated by miCrol.hennal effc:c:u in ceJJulu Slruetures, 
fonnation of free radicals, or an inlcraction with DNA-repair mechanisms. 
C 2009 Elsevier Ireland Ltd. All rights reserved. 

Krywotrb: Gene mutadOIUi: Cytoacncdc e1Tcc11: DNA fr•smcntallon; Mechlllliims of senotot.icity 

1. lntrodudloD 

Alterations of genetic information in somatic ceUs are 
the key event in the process of carcinogenesis ( I .2]. Con­
sequently any agent. which has a genotoxic attribute is 
suspected also to be cancerogenic. This is the driving force 
behind the multitude of Sludies on genotoxicity of radiofre­
quency electromagnetic fields (RF·EMF),conductcd so far. A 
total of I 0 I publications on genotoxicity studies of RF-EMF 
are exploited here, of which 49 repon genotoxic effects, sub­
sequently marked as GT( +)(Table I), 43 do not (Table 2). and 
9 find. th.:J.t RF-EMF do not induce genotoJtic evems hy itself 
but enhDDCe the genotoxic action of other physical or chem­
ical agcnrs (fable 3). Thus, in contrast to several reviews in 
the pASt [3-6), it now became evident lhat non-thermAl gene­
toxic effects of Rf-E.MF is convincinaly demonstnlled by 
a substantial number of published studies. The studies have 
been performed with a variety of different test J)'Stem.s -
some studies used more th:~n one test system - which will be 
auigned here to the three principle endpoints of a gcnotoxic 
action: (I) effect on chromosomes, (2) DNA frugmenta.tion, 
and (3) gene mutations. 

• Tel.; +43 l 9j82908. 
E-lf!lf.lil cultbrss: hu~:a.ruediger<!hntduniwien.II.L'.al. 

0928-461101S- ICC fnmt nwtcr 0 2009 Ebevicr IRiand Lid. All rights rcacm:d. 
doi:JO.IOJ61j.pathophyo ZOOllJ 1.1104 

2. Elfeet oD dnvmosomes 

This group comprises the analysis of numerical or struc­
tural anomalies of metaphase chromosomes (CA), sister· 
chromatid-exchanges (SCEs), and fomuation of micronuclei 
(MN). Of the 21 studies using CA. 9 are CA-positive, II 
CA-negativc, and I reports an RF-induced enhancement of 
genotoxicity by X-nys.1 In geneta1 proliferating cells are 
required for the study of chromosomal effects, however, 
micronuclei have also been analysed in polychromatic ery­
throcytes and in exfoliated cells, for inslance from buccal 
smears (7,8). Moreover,' aneuploidy races of distinct chro­
mosomes as well as chlomosomal trnnslocations can also 
be !iludicd in inLerphas~ nuclei using fluores4.:ence in situ 
hybridization (FISH). While structural aberrations deleCted 
by conventional CA arc' mainly h:lhal to lhe cel1, translo-

' cations are persistent and may be passed to the cellular 
progeny. Using FISH inrnased levels of aneuploidy of chro­
mosome I, 10, 11, and 17 have been reported in human blood 
lymphocytes after RF-E.MF exposure 19 ). In metaphase chro­
mosomes FISH may increase che sensitivity of chromosomal 
analysis [10) bul this haS only once been used for RF-EMF 
studies II \]. 

CA brings about to detect a variety of chromosomal aber­
rations. In contrast, micronuclei originate only from acentric 



Table I 
Public11ions which repon RF-E."'F ~lated genDIOlk eft'c.:ts. 

Rdcrence Biologil:alsys~m~ Geno1o1ic endpoint 

Ailien ec al. (45) Mousespam QPCR 111d comet -..y 

Balode [J6) Cow CI)IWOI."ytes Miavnuclci CMNJ 

Bely.ev Cl al. I·HJ H11man blood lympllocy~e:~ Cllrom.lli.n condcnsalion 
and 53BPI foci 

BusljcUiel al.(48) Ral hematopoietic t~ues MN 

d'Ambrosioec al.[49) Huma11 blood lymphocyles MN 

Die~~~ ec al. [231 Human cultured fibrobl»ls Albline aad ncu1ral 
aod rat puwJosa ceUs comet assay 

Fcminctal. fSOI Rat hemlleopoi.elic: lissues MN 
~pgscd durin!! 
cmbr)'C>JICncUS 

Facie eul.I!SI Hwnan blood lymphoc:ylc$ MN 

Gadbia ec al. (51) HIIID.ID blood lymphocyles Chromosomal~ 

andSCE 

Gllndbi and SillP [7) H..man blood Jympboc)1es Cbroii!OdOmal ahcnalions 
and bucc:al muc:osa ceUs IDIIl MN 

G!llldbi. 200S !52) HUIIUUI blood lym~cs Comet us.y, in \.;..., 
capilluyMN 

G.mj-Vrbovacd ai)S.l) HIIIDID blood lymphucytes Cluomosomalllbcrruions 
.andMN 

Gan.j-Vrhov~e e1 al. (~4) Chinese luunsiCT cells V79 DNA synthesis by 
[3HIIhymidillt' up!ake. 
aDd cluomasomal 
abemotions 

G1111j-Vrhovac ct Ill. [5!\1 Chinese hamsrcr cells V79 Ouvmosomal ahemdions 
andMN 

Garaj-Vmovac ec aJ.[MJJ Humm blocxllympbocyles MN 

Haider ec al. (571 TrrulncQJttia llower !Juds I\ IN 
Koyama ell!. ( 12) CHO-KI cells MN + k.inctocbore 

dcrcnnination 
Lai ec al. 1581 Rarluin cells Coa.et a.'i.,:l)' 

ui 1111d Singh I S91 kat bnain cells Alkaline comec usay 

Rcsuhl 1111d OOIIUIICnP 

Gel elcctrophon:ais rcveal.a! no gross cvidcocc of in~ singlo:- or dou.ble-DNA strmd b~ m spcnnalozoa. 
H~. a delailc:d Malysis of DNA infqrity u5iftg QPCR ~damage 10 both lhc micoehondrial genome 
Cp<O.OS) and the n\IClem:-!!lobin locu~ (p<O.OI). 
The countinl of micronudci in peripheral erythrocytes ga~~e low l'lef8ll! incidcnc:~$. 0.6 per I 000 in lhc exposed group 
and 0.1 per I 000 in the conwl. but stlfislically sipili cant (p < 0.0 I ) diffcrcnecs were C ound in !be frequency 
di&cribution between lhc ~'"'I and c~<p~~sed groups. 
Dem:uc in bildpouad levels of SlBPI foci and may indicate ~ISC in accessibility of .53BP1 to .mlibocllcs becau.e 
of s1n:ss-induced dvnmatin condensation. 
f.sy1hrocytc coum.. biCmolllobiJI and hacma10erit were inc:reued in periphenl blood (days 8 and I Sl. Contu=ntly. 
anuclear cells and crythropoielic: pr«unor cdb were clecn:asc:d (p < 0.05) in the boDe ~ on day IS. but 
miaorwclea&ed c:eUs' (MNCs) frequeocy •-as innasc:d. 
The micronucleus Cmjuency was not alTCCkd by CW Cllposure; hvwC\·cr. a statistic:ally signifiQDt micronucleus effect 
WIJS fOWid followilll exposure to phase modulated field. 
Tile intcrmi.ltall a.pos~~~e llhowed a sWngcr effect Ia the comet usay than continuous exposure. 

The imldiatc:d puup showed a siptifitazu increase in MN OCCllmt!CC. 

X -rays and microw- Wen! prd'crenlially clastOJCIIS while vinyl ehloridc moaomcr showed lll~gcaic: activity as well. 
Mi<:row.-.-es possess - matageftic: chandaislics typical of dlcmicai~DU~agcns. 
ThrR •-as alignific:ant increue (p<O.OS) in cha!ntric chromosomes lmODJ mobile uscn •hn wm: m~olccr-alcobolic 
as compared to nonsmoker-nonalcohol;.;. S)'llcrgistic ac:tion with MMC, SCEs $bowed a significilllt inma.c: among 
mobile users. 
~ number of micronuclcaled bw:cal cells IU1d c:ytological abnorm.alities in cultured lymphoc:yta. 

Mcan comet tail I£Dslh {26.76 ± 0 054 mm: 39.7~ of cells dwqedl in mobile phone •en wa.~ highly significant 
frolll thllt in tile control group. The in viYD capill:uy blood MNT alsu revealed highly si&niftcant (0.251 fta~UCIIcy of 
miao~~~~~:leated cclb. 
In all uperimCDtal condilions.lbr frequeucy of all types or cbromosoiiW aberrations was siznjlicanlly bi&bcr \han in 
!be aJntrol samples. In the imldimd samplca; the pre~cc of dicattic llld rilll dlroiDOSCIDICS v.ao established. The 
~idenc:e of llliamwdci was also higher in cbc exposed s.ample$. 
In comparison with the conwl samples !here was a higher frequency of specific chl'llltiO&OI1le le5ions in ccUa th:u had 
been imldiated. 

Signili~lly bigber frequct~cy of specific: chrDIIIOSOfllC abcrration5 1uch a.' diccntric and ring chromosomc5 in irradill.led 
cells. The presence of miaunvclei in irradiall:d cells c:onfinned the c:h111ges that had OCCWTcd in chromosome strucwre. 
lncrnse in frequency of micronw:lei as •-ell as distutb:ltw.:es in tbe distribution of a: Us over the first. second and tbitd 
mitotic division in a.poscd r;ubjccu compan:d 10 conbul1. 
The results at all e..posure •hC$ cxc:cpl one wen:: statiMically si&nilit:IDL 
RF at SAR of 78 Wlk& and higher ronn MN with a panicular illCR!ase nfkinctlXhare-positivc MN llld potentiate MN 
fonnation indul;cd by blcomycillc lmdn1cnl. 
RFR ~"lll"l! lignilicantly increastd DNA double sCr.md bre3b in br.lin cells of the rat. and t:hc rffcn Wi!.< partially 
blocked by ll"elllmcllt onlb IIIIIUUDIIC.'. 
No elrccts immediately Iller 2 h of e•posutc 10 pulsed microwaves, whcrus a dose rarc-dqlc:ndent increase In DNA 
s.ingte sttand breaks wa• found in llr•in cells of r1U 11 • h post-exposure with CW and pul!ed 11."ii~"CS. 
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Lli and Singllf60J Ru brain cells 

Lai lllld Sinp Ifill llat hnin cells 

Lai and SinJh (~S) llat brain cdls 

Li:~~.ia et .I. 162 I Human leDS epilhelial cells 

M~e1 ct a!. (631 Human blood lymphocylcs 

Mas a al.l641 Human blood lytllpllocyt£s 

~dal.l6~1 HIIIIWibloocll~ 

Muhevicb eul. lbb 1 lluman blood lyl!lpbocytes 
Mazor et Ill. [9) Human blood lymphocyles 

Nitolova d a1. 16 71 M...- nestin-posili>'e 
ncoral proJenitor cells 

Palllnj and Bc:lwi lf>lll Ra1 tnincclls 
Pavidc ud TIQSiC (13 I V79cclb 

Phillips e1 al. 1691 Nolt-4 T-lymphobluiOid 
cell! 

Sanmov et al. (70) Hwn111 blood tymplloc:yra 

S&rtar et al. 171 I Moue testis and brain c:dls 

Scbwan:uat. r.n1 H11111• cultumJ fibroblurs 
and lytnpboc:yles 

Syla et al.(221 pfCZl mi« 

Ta et al. 1721 Humaa blood lympilocytes 

Tblecet al.ll4) AlliwtJ upo seeds 

Trosic ct al {73) Jblllcmatopoidic tiuues 

C~~~Mtassay 

CamdLqay 

Comet assay 

Comet assay and BudR 
ineorporauon 
Chromosome .tleml&iom 

~ 

aberntiom.. SCE. and MN 

p~) billdinl proiCiD ad 
1H2AXfoci 
Cllromosomal abemliom 
Afteuploidy ~of Cbr. II 
1. 10. II. 17 dcltnniDed 
~ iruaplwc FJSH 
Transcript of spcciflt 
,BeftO:S and pruteins. 
proliferallon. apopeosis. 
DNA.DSB 
COIIIC1 assay 
Alten.ticm of microlubule 
pcoteilll 
Cometasuy 

Otromatin condtnsation 
by anomalous vi!cosity 
Re:<lrictionpomemaltct 
Hinft~t 

Alb\~ rome! ass;ay and 
MN 

IKZ cransgcnt iln«siota 

A.lkaline cometasu.y and 
MN 

Gennillalioo. mitlltic 
indcll, mitotic 
llllaonnalities 
MN and polycltrotmtic: 
~(PeEs) 

Signilicaatly histm" l~ls of DNA single and double wand t.cW.lUposurto to "noise' alone did DOt $ipilieantly alT«t 
die leYc:ls. however. simultaneOIIIi 'ooise' ellposun: hlocbc:l ~Dduocd incrcue:s in D~ toltmld brab. 
An increase in DNA 5ttand breaks was observed after e11poswe to eilher lhc pubcd or (IOillinuous-wave ndi.Uoo. no 
•iJIIilloc:ant difference w;a; observed betwemlbc: ciTec!l uf ~two forms of radiation. 
Tratmcnt immediately before and afu:r RFR cxpos\lft' with either mclalonin or N·t.ert·butyl-alpha-pbmylnitronc! (PBN) 
blocks illduclion of DSB by RFR. It is h)"pOibe$~ lUI free ndic:als m= invol~ in RFR·indaud DNA damaJC in lbc 

lniD c:eJ1s of -· 
No DNA !nab at 1 and lWAg but i.naeiSe 0 and 30 min Uler es.polurt to 3 Wlkg. &posute •tl and 3 Wit.& for 2 h 
sigDillanlly increased HsP 70 procein but not mRNA. eq,ression. 
Some cytogenetic damqe was ob!Mned ill vitro when blood $UipleJ 'ftR way cloic 10 the antenna. The qu.est10118ble in 
WWJ results (silL nwi"'CDIDCC worbrs) m'l! 1101 cousick:n:d heK. 
Malted iiK:tAse in tile frcqu.eaey of duuiDOIOIIIe dJcrralions Cincludins dicanric dtt"Oino11011K'Sud IKlCDtril: ftap-amb) 
and 19 micronuclei. Oa the other haM. the mic:rowaw es.pc15ure did not inlluence the cell kinellca aor the 
l>isur-duumatid-eJ~cbaJige (SCE) (R,quency. 
MWs from OSM mobile tclepllooa affCICt cluo.nalill oonfonnatioa and S3BP11guuna-H2AX foci $imibr 10 heM shock. 

A liftear Ulcrease ill cbnlmor.ome 17 aneuploidy ..,.... ~ as • flllldioa oldie SAR value. 
lm:mlled lc\lels of aneuploidy in c~s 1 and I 0 at higher SAP. while for chromowmes 1 t and 17 the ilK~ 
wm: obsc:ncd only for the lower SAR. 

Dl:w.11-«,Wation of liC'wal•specilic Nwrllllld ~gW.tiClll. of bu and GADD4S mR!IIA lc\lel$. Sbort-t«m RF-EMF 
ell.posure for 6 h.IM not for 48 h. resulted in a low and transient increase of DNA double •tnnd. ~-

Swistically apilicanl (p <0.001) inereue in DNA linlk slZ1III4 breaks ill lnln rells of rat. 
The microlubule s~n~erure allel'ed alkr 3 b of irritation. 

DNA d.ultql: dcm:ucd by (I l eqMJSIR to cbc: iDEN sipal (2.4 1'-W/1 for 2 h or 21 h).(2) CllpOS~ 10 die TDMA sigua.l 
!2.6p.W/g far 2h IUid 21 b). (])es.po!lftiOthcTDMA. signal(26p.WI& for lh),Q~tolhe iDEN1iip (24p.W/g 
far 2h1 and 21 h ~igniticantly itlm:aed DNA damasc. 
Analysis of pooled cWa. from all donors sltOIWd ~Wislically lignificant effect or 1-h es.posure 10 MW. Effects differ at 
various OSM frcqucncic$ and VII}' llelwecn dollars. 
As compared 10 control animals. bed pac~enu in upoaed pimaJs -found 10 be ~ _.lefW in me ranse of 
7-& kb wbidl was also sub51antialed ~ dalsitoiDetric llllllysi$. 
UMTS apoaute illae.ued the CTF and induced centrolllm!-neptive mkrolwclei in hWIIUI cu!Nted fibroblasts in a 
dose- lllld time-dcpendelll way. No UMTS crfc:ct was obWned with lymp~J. either ansllmulated or stimulll.ed with 
ph)'tOMmagllllilliD:- . - - . • - - - . 

No diffen:a« belweea rbe COIHIOI and CtCIIecl PJIIPI in rbe 1- and S-day GposuR CfOUPI· billa rcduetioQ in iftvcnioos 
bel~ the spootaneous frcqlll!ncy in !he lS-d:oy esposurc group. This suuesu t1w RF nd.ialioo an le8d to a 
penurbatioo in recombilaarion tiequency. 
Exposure for eitlter 3 Ill" 24 h with tbe unmodulated sipal did t10t induce a sipific1111 illCfeaSe in DNA DSB or MN in 
lymphotyles. Hownu. with the modulated signal ~ - a sipillamtlllld repodllrible incre:ISC in lhc: frequenc-y or 
miaon~~elu&cd l)'lhphocytes. 
~~~creased mitolic aberration' in 1'00( merislematic (;ella of A. npa. Effcc:u wen: mllllcedly dependent on !he field 
frequencies applied • well as on field .crenp and madulalion. Findinp also indicate lhlt mitotic etra:u ofRF-EMF 
could be due 10 impairment of the milotic spindle. 
The incidence of l!lic:rouucleiiiOOO PC& in peripberal blood ,... sipsiliwuly iacreucd (p < 0.05) iD 1M S11bplup 
e~ to ftQ/MW ~lionafta right imdiation tteacmcnts of 2 h eacb in c:ompuUon •ith the ~po$ed oontrol 
IJOIIP. 
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Table I (Cot~tinwJ) 

Reference 

TIOilil: et al. [74] 

TI'05ic and Busljda (7S I 

Vljayallllllli e1 al. [7bl 

Wllall.(391 

Yadav lllld Sharma [8) 

YIDct al. (.WJ 

YIOctal.[4lJ 

ZhanJ e1 al.]771 

Z'«ti-Mutdli d 11.]781 

7.olti-Mif1dli ct 111.]7\11 

Biolopcal syslem Oenoto'ic cadpoint 

Jtal bcm.topoielic tissues MN lllld polycbrvmacic 
ay~ 

IQl hematopoietic: tis~ MN .ad polyc:hmnullc 
and peripbcnl blood ~ 
C3 HIHeJ cancer prone MN 
mice, peripheral blood 1111d 

'bolle matJO'W 

HWNa cpitbeliallcas ~Xlb Comec assay and 
U1tracellulat ROS 

~foliau:d buccal cells MN in buccal cell! 

H~~~~~a~~lms cpilhelial cells Albline c:oiDC( ~~55ay, 

811JJU11a-H2AX foci. ROS 
ICYel 

H- lc:Ps epilbelial cells 

Chinese lwnslcr l1111g cells 
(CliL) 

Hum.:~~~ blood lympbocytes 

Human blood lymphocytes 

Allc.aline oomet assay, 
-yli2AX foci. ROS lnel 

-yH2AXfoci 

MN 

MN 

Results llld comme11ts 

In polychromalic erylhrocytes significant di1Tere11ces (p < 0.05) for experimental days 8 IDd IS. The frequency of 
micrDIIIIcle31ed PCF,. wa..• al~ signilkantly inc:re:I$Cd on er.peri111e11tll cby IS (p<O.OS). 
BMPCEs wete inaascdon day• Bind IS, and PBPCEs were c~cd ond.ap 2 and 8 (p<O.OS). 

No observed RF eff~IS. A correctioa was published. staling thai lhcn: was actually a si&nificant MN incre:u.e in 
peripheral blood alld bDae marrow cell• after chronic eaposure 10 RF [VijayaiW~mi. M.R. Fn:i. SJ. Dusch. V. Gud. M .L. 
Meltz, J.R. Jauchem. Radi.at. Res. 1"9 (3) (19911) 308). 
RF ~ 4 Wlkg for 24 h significantly incn:ased inuacell\&l.u ROS and DNA cbm.\ge. Bo1h ca11 be blocked completely by 
clecii'Omllgnetic noise. 
In e1.posed subjects 9.84 ± 0. 745 micronDCieated cell.• IIIII I 0. 72 ± 0.889 IOral micronuclei (TMJII) as compared 10 zero 
liunldon ofe1.posaue llong with IVfn~C 3. 7S ± 0. 774 MNC and 4.00 ±0.808 TMN ill COIIUO)s. Correlation between 
CJ-1, 1-2. 2-3 llld 3-4 years of exposwe and !be liequcocy ofMNC 8lld TMN. 
SAlt or 3 and 4 Wlkg induQ:ld sipilicant DNA tbmage in lhc: cometiiSsay. while no swi~Lical diffae~~ce in dooblc strand 
bre.1ks was rouad by -yHlAX foci. Elecuornaptic POise c:ould block RF-induced ROS formation and DNA damage. 

DNA damage was signifiClllldy increased by cOIIICI assay ac ::1 and 4 Wlkg. w11c:n:a.• double strand breaks by 1H2AX foci 
~m! sipilicaotly incn:ased only at4 Wit&- SiJnillnolly inc:reurd ROS le.els we~e detected i11the 3 and 4 W/kg 
JIOIIps. 
lact95Cd petcauaae of 1H2AX foci posinvecell of 11100 MHz RF EMF e1posure for 24h (37.9 ± 8.6'1-) or 
2-at:etylaminolluurene exposure (,0.9 ± 9.4% ). Huwever. there WIIS no s1gnilican1 d1ffcrcnte between the 
iib.m-QpOSUn: ud RF E.\fF ~ for I b (ll.ll :t= 8.7'1-). 
BOib 5p011taneous and induced MN frequencies \-aried in a highly significant way ;unoiiZ dDIIOI" lp < 0.00\l) and 
bct1l-een eape:rinlcllb (p<0.002J. and a Aatislically significant inm:;ae of M!li, although notller low. was obsc:l'\'ed 
dependent on ClLposure time {p = 0.0004) and applied power dmsity (p = 0.0166). 
The: n:sults showed for bolb radilltion frequeneies an Induction of micronuclei as compared to !he control cuhuh!S at a 
poo>-erclensity of30mW/cm2 Uld.rlcr 1111 cllpOsu~of 30and 60min. 

Abbreviations: Mito111ycin C (MMCJ. bleomycin (BLM). metbylii!Ctbansulfonate fM.\IS). "-nilloquinoline·l.ox.icle (4-NQ I 0}. ctbylmclltansulronace (EMS). chromosom.l abcrnllino an:alysis (CAl. nUCI'Oiludcus 
anay IMN), reacliowe o11ygen species IROS). and ftuorescence 111 'Vitro hybridization (FISH!. 
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Table 2 
~ialiana whidl do 1101 lqllll'l RF-EMF l'flatcd gellllCO.I.ic efJccl$. 

Refcn:nce 

AniOnOpOU.Ioselal. [80) 
BclyKYet al [Ill) 

Bisht et al. (821 

0..&elal.[li3J 
Ciuavifto e1 al. [841 

Garson eul.(85J 
GorlliZ c:l al. (861 

Goselll. [1171 

Hook et al. (1!11) 
Juutilainm c:t al. (891 

Katlac:bera al.(90) 

kom~tsubua a al.(91) 
koyamaeul.(92J 

L..puye 1M al.(93] 
L..poyc ct al. (9-l) 
Li a al.[9SI 
Maes et al. [96) 

M111:1 ct a[, )97) 

M1CSetal.[98) 

Malyapa et al.(99) 
Maly~pa ct al. I I 001 
Maly~paet :ol. [lOll 
McNamee~ ill. (1021 
McNamee ct al. I 10~1 
McNameeaai.[I04) 
Meltz cl aL (1051 

Ono cul.t 106[ 

8iolopcal syslem 

HIIINII blood lymphoeytes 
bl: ~II.. spleen. and thyiDUS 

Moll5e C3H tar cell~ 

£Kit,richill ~i leSI£!' SIJ'ain 
CH0cdl5 

Hunwl blood lymphoo:y~s 
860Fllllic:e lympboqt.es. 
aychrocyv!s, &ltd teratinocytca 
&a-chGI'fllti-.'Cts r~""lmu 

Moll-4 T lympboblatoid cell$ 
Female CBAIS mice and K2 
female uusaellic mice 
CHOa:Us 

Mo11.e mSS cel\5 
CHOa:Us 

lbl brain cdls 
C3H IOT112c:ell~ 
Murine C3H lOT cells 
HuiiWI blood l)'111p11ocytcs 

Hul!lall blood lymphocytes 

Haman blood lympllcxyks 

Rat bnin cells 
U87MO and C3H U1Tll2 cells 
U87MG and ClH IIITI/2 cells 
Human blood lymphocy!es 
Human blood lymphocytes 
Human blood lymphocy~ 
U178Y mouse: lcukemtc celh 

IKZ..O:...U.cemc mice 

Genotollic endpoiza 

SCE 
comc:c-y 

MN 

Bacterial mutagenicity (Ames test) 
SCE 

CA 
MN 

Mutall.on rilles 

Comet assay 
MN in cryduucy~s 

CA 

CA 
MN 

AJk.aljne comet assay 
Comet ~~Ny, DNA---ptUtrin ~links 
Comet assay 
CA.SCE 

CA.SCE 

CA. SCE. Comcc assay 

ComctiiSSIIy 
Comer assay 
Comer assay 
Comet &sHy and MN 
Comctusay and MN 
Comet a.~say 
M..ution in TK locus 

!llluwions &I rhe lac sene in 1plccn, 
liva-. brain and teslis 

Result& 1111d comment• 

"'o ino:rease ia seE or etll cyde J1f0111=5Sion found. 
GSM MWs a1. 91SMHzdid DOl Induce~ DNA double slr'IDdcd ~or cbaap 
in chromatin conformation. but afT «<ed ll:llp.rcuioa of ICIICS in ra1 brain cells. 
CDMA (3.2 or 4.8 Wlkg)"' FDMA C3.2 or S.l W.tc) RF·EMF radilllion for 3, 8. 16 or24h did 
lltlllatllt in a signilicant increue l'itber ill. !be pa'Cal.llge of binucleatcd cells wilh miaunuch'i w 
in !be IUilllbcr of micronuclei per I 00 billuclealed c:eUs. 
No IIIUiagaUc ar co-mulagalic effect 'A'idl 4-NQI 0. 
Radiofrequcncy clectromaptic ndiation (RF·EMF) did not chance the number of SCEs that 
wac induced by .tn.myciD. 
No RF-EMF dfcc1 oo--J_ 
No visible caec:c. 

No eiT ecu in fluctuation tests on forward mwatlon rues at CAN 1, on the frequency of petite 
f01111atioa. on ra1cs of i•tra<hromo5omal delctioa formation. or on l1llcll of intta-geoic 
~oo ill !he lbsencc or p.rcsmcc ofMMS. 
No RF·EMF effects obscnocd. 
No dfccl on MN frequency. 

No allenlioa - obscned in lhc attttt of chromosome abanli0111 iadu.:ed by either 
simultaneous fro ndialion aposun: « coa¥Cet~.on lleaWJ& 10 equivalent tcmpcraiUJ'IS. 

No dfec:t on CA; tcmpcl'lllwe increase up 10 41 •c 111 100 WJka. 
No MN lll':reUe in cdls e1.posecl 10 HFEMF a1. 1 SAR of lower dwl SO Wlkg, while those a1. 

SAR5 of 100 and 200W11t1 wm signilic:.:mlly bicha wllell compaml wtlllthc ~ 
CIOIIIrOis (teqWnblre dJect). 
No~dl'cct. 

No oblcrvcd dJcc;L 

No~dfec1. 

Combined Qposute of RF-E.\tF and to MMC and X -rays_ 0we11111. ao illdtc.UOU was found of a 
Ullllapic. and/or C'O-IIIUIII~ effect. 
Combined lrcalmcnl5 wilh X-111.ys ar MMC did not provide any indicacion of a fo)'nel'lisrlc aroon 
bctwca.t the RJ'..EMI' licldl and X·rays or MMC. 

- 1be alblinc c:omct assay, SCE. uc1 CA lesiS revealed no cridcDcc of RF·EMF·inducecl emetic 
dfcct!l. No ClCIOptr.lti\-c a(;tioo. was found betweell die cla:aumapetic litld ellposure 8lld MMC 
usinc~:ilher the comet ~~SAy 01" SCE leSt. 

No s!Jnificanl differences observed. 
No sipificant dill'emlee$ observed. 
No &ipificaat differences~-
No significant diffCI'fllc:eS obscr\oed. 
No slpilicanl diffcrencc:s observed. 
No sipllicant dilfmnccs observed. 
No eft'ec:c of RF-EMF aiODe or m the iadao:ed mutaDt frc:qucncy clue 10 tbe ilimllltaD- caposure 
10 RF-EMF .mel proclaim. as compand with the prollma aposum. alone. 
Mulation frequencies lithe- lad gene in splccn.li\~, brain, and rcstis wc:n: simiLv to those 
obSCJVed in non-exposed mice. 

:::.: 
~ 
~ a. ... 
~ .... 

l 
'II 

l 
"' ... .... 

i 
~ 
' 2 

... .... 



Table 2 (Colltimtt'd) 

Rcfctence Biological system 

Roli Roti et al. (I 071 C.lH IGTif2cdls 
Salwma Cl at. [108 I Humm poblas~oma Al72 cells 

aad fetal tune fibroblasts 
seam ct a1. 1 11~<~1 Huma11 blood lymphocytes 
Spcit et al. [241 HuiiiiUI cult=d fibroblasiS 
Scroallli dIll. (II OJ Human blood lymphocytes 

Tablwhi et al. I II II 8i& Blue mke brain tiuues 
Vcnc:hlcvc ct aL 11121 Rat 'lni11 aPd li~r ci$$11t$. 

~ 
Vijaylll.umi ct al.l1131 HW11311 blood l)'lllpboeyle$ 
Vijayalamti ctal. 11141 Human blood lymphoc:ytes 
Vijayalumi et al.lll 5] Human blood lymphoq1es 
Vlj•yalumi Cl al. I 1161 Human blood lymphocytes 
Vajayalwni et al. [117) 1W henWopoielic tissues and 

~ 
VijayaiPmi ct 111.1111\) Rat whole body IPd head only 

CJ:pt'!Sure1. BM ClJ'Ilvvc:ylc$ 
Vljayalumi et al. [1191 CF-1 male mic:c. peripheral 

blood and bone mano10' 

Zeni ct al. [120) lluman blood lymph~ 
Zc:ni cui. I Ill) Human blwd lymphoeyteS 

GenoiD~ic endpoint 

Tr.msformcd roo 
DNA stn1111.l breaks (comet -ay?) 

MN 
Comd assay and MN 
Come!: uyy, CA. SCE. MN 

. ' . ' 
lacZ ll'mSJelle inversion 
M!\1 (erythrucy&es) and comet assay 

CAandMN 
CA.,dMN 
Comctusay 
CA,MN 
MN 

MN 

M!\1 

Comet assay. CA. SCE 
MN 

Results and .:ocnments 

No uaristically signilic:mt differences observed. 
No 5blisli~ly significant dilfmuces. 

Nil sl:distically signitic1111t diffcre~ obsc~. 
No sllllisllc.Uy significant diften:nces obsl:m:d. 
By compari1011 with appmpriaJe s!Jam.e~ and coaaol wnples, DO elfcod of RF·EMF alooe 
could be found for lotl.Y of the I$S.IY cadpoints. In lddilian RF-EMF did not modify uy meuured 
cffei:U of the X·l'llll1alion . 
No statistically signilicanl differences observed. 
No gmoco._i~ cffca of RF·EMF &loPe. Co<llp05llle!i to MX .nil RF-EMF radiation did not 
sipifiamdy inLTCa51: !be re.•roosc of 'blood. liver aDd lnill cells compamlto MX e .. pOSlft poly. 
No ob5clwcl RF-EMF cffecu. 
No observed RF-EMFcfti!cls. 
No observecl RF·EMF effect•. 
No obsened Rf·EMF cft'ecu. 
No ob$ened RF-E.\tF effem. 

No obsenoed RF-EMF cffecu. 

No observed RF-EMF effects. 

No observed RF-EMF effects. 
No observed RF-EMF c:ff~cts. 

Abbmialioas: Ovomosomalllho:rruioa llllalysis (CA). Dldbouual (I\IIX). milomycin C CMMC). 4-fliuoqinoline-1-o._idc (4-NQIO), methylmelhlll5111fonale (MMS), code di'loision multiple acces5 (COMA}. 
fRq~~Cnq di..Uioe mulliple ~ CFDMA), and lime diYision anulliple access (TDMA). 
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Table l 
Pubtications wllidl report sy~ ltF-EMF ctra:u ill eombinalion wilh Olbcr &eno!OU:ants. 

Refcrc:acc 

Baobollg cul. (122) 

Baohoageul. (123) 

Kimeul.(l2~) 

MIIC!Ictlll.(llS) 
Mae$ ct: al. 1126) 

Mlllti cnl. 1111 

Wang etal. 11271 

Willi CUI. [128) 

Zhang eul. (129 I 

Gcnoto~tic agent• 

MMC. BLM. MMS, 4-NQIO 

254nmUVC 

Cyclopbosplwnidc, 4-NQJO. 
EMS 

MMC 
MMC 

Pm·iOU5 4 Gy X-cay radiation 

254nm UVC 

M.\fC, 81...\(. MMS. 4-NQIO 

MMC 

Biolasie.Jsyslem 

H11111a11 blood l)'lllptlocyks 

Hwnan blood lymphocyces 

LSI71Y mou.e lymphoma 
cells (comet IlSSa)') Uld CHL 
eelk(CA) 

Hwnan blood lympllocytcs 
HUIIIDII blood lymphOC)IIC$ 

HWIIiln blood lympbocytcs 

Human blood lympb~yces 

Human hJood lympllocytQ 

Human blood lympb«"yyes 

Ge11010l..ic endpoint 

Albline comet assay 

Alklline comet usay 

Results and wmDlCDIS 

I.SGHz RFR tSAllJWJq) f01"2b did n« izMb:e DSB, burc:ouldenlwlce 
die bamu lympMc:ytc DNA ctunace ellects induc:cd by MMC and 4-NQ I 0. 
The syneflislic DNA damqc: tffa:u will! BLM or MMS wen: not obvious. 
RF c:xpoturt for 1.5 and 4 b did not enhance signific:uuly human lymphcc:yte 
DNA dlmiiJC. but cculd reduce and increase DNA c!amqe of hiiiiWI 
lymphocyla indiii'Cid by lJVC 111 I.S llld 4 h inc:ubaliotl respedi\Ody. 

Alt.abne comet usay and CA No duec:l cytPCCDCtic effect of RF alone Cll" in combinalion wilh 
qoclophosphamide or 4-NQIO was folllld iD !he CA test and ill me comet 
IlSSa)'. However, RF lwla pok:ntiidiag effect in combination with 

SCE 
CA, SCE. comet U5.1)' 

Cbromosomc abetraboa. by 
FISH 

Cometusay 

CometiiSSay 

cydopbosphanride 01" 4-NQ 10. 
s~ effect Was ohlervcd "Wilh MMC. 
Tbe c:ombinni~:Xpasure or l1u! cells 10 me radiofrequeacy fields foiiOMd by 
cbeir cultivalion in the .,-11ee of mitomycin C revealed a \'el')' weak effect 
wha! compuec! co llCUs eltposed 10 miiOmycin C alone. 
No signific:ml variations due to lhe UMTS aposure in lhe frattioa of aberrant 
llCIIs, but ftcqueDC)" or acbanaca per cell in X-ray irradiated a:lls wu 
signific:aDdy ina-eased by UMTS at 2 Wlk&. 
Rf did noc indua DNA cllmage but reductd or enhan= DNA dunqe by 
UVC at I.Sor4.flh n:spectively. 
RF did aat: illduce DNA dmlage but enllaiQd DNA c1amqe in41Ked by MMC 
llld 4-NQJ 0. 

Comrt assay, miaonucleus No RF-induced DNA and c:bromosome damaae, but inm:ased MMC DNA 
auay d:i.iiiioie bi Rf in cometus.ay. . 

Abbrevi.ati.CliiS:MnomycinC(MMC).bleomycin(BLMt,melhylmctbansulfonate(MMS),4-nitroqlliaaliDe-1-Gxide(4-NQIOl.tthyl.-hmsulfcxwe<EMSl,c:llroiDOIIOm.alabcrrationClalysis(CA).ftuorcsc:cD~:C 

'" vit111 byblicli.wion (ASH). 
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96 H- W. RuHiiW 1/blhoplryrlowgy Ui C 2009) 89--102 

rragmcnts of chromosomes or from lagged chromosomes sec­
ondary to mitotic non-disjunction. !he Iauer being detected by 
indirect immunoHunrcsccncc using kinetochore antibodies. 
Kinetochore-positive MN arise by epigenetic mechanisms 
(disturbill\ces of the spindle apparatus). Kinetochore-negative 
MN arise from acentric chromosomal fragments. This is 
an important distinction, but has been performed in a few 
RF-EMF studies only. of which only one [ 121 reports an 
increase of kinetochore-positive MN albeit after a high 
SAR ~ 78 Wlkg. Two studies describe RF-EMF-induced dis· 
turbances of the spindle apparatus [ 13.14), and one reports an 
nneugenic RF-EMF effect on the basis of the size distribution 
of MN [ 15]. Of a total of 39 studies using the micronucleus 
assay 22 are MN-positive, and 17 MN-negativc. 

SCEs are analysed in metaphase chromosomes after two 
rounds of replication in the presence of 5-bromodeoxyuridine 
(BUDR). SCEs, which are induced during the S-phase of 
the cell cycle. represent nn exchange between homologous 
chromatids, an event which by itself is genetically neutral. 
Nevertheless it is considered to reflect a recombinational 
repair of DNA double strand breaks (DSB). and may there­
fore serve as an indicator of genotoxic stress. Of 10 studies 
using SCE a GT(+) effect was reported in one only, 8 were 
negative, and one study reports RF-induced enhancement of 
genotoxicity by mitomycin C. 

3. DNA fraiJllenlation 

The comet assay, also known as a "Single Cell Gel el«· 
trophoresis assay" (SCG ), and the detection of gamma-H2AX 
foci are the most frequently used techniques to study RF­
EMF-induced DNA strand breaks. The comet assay uses 
interphase nuclear DNA. which is unwinded under alkaline 
conditions and subsequently subjected to an electric field. 
Here DNA fragments migrate towards the anode, thereby 
forming a comet-like tailll6.17]. The alkaline comet ass11y 
detects DNA single strand as wen as double strand breaks. 
but is not applicable in the presence of DNA crosslinking 
agents [ 18]. These break.~ may occur not only by toxic influ­
ences but also by transcriptional and repair processes and by 
alkali-sensitive sites. Therefore this freq11ently used and very 
sensitive assay has a poor specificity. or 41 studies using the 
comet w.say 15 report comet-positive and 19 comet-negative 
results after RF-EMF exposure. RF·EMF enhancement of 
comet assay effects caused by other genoto~tic agentli is 
described in 7 studies. 

Out of 11 multitude of DNA damage checkpoint proteins 
two have been used to detect DBS: H2AX., a member of the 
nuclear histone family 119J.and PS3 binding protein (53BPI ). 
Both are rapidly phosphorylated only minutes after DNA 
damage and are !hen gathered in the vicinity of DNA double 
strand breaks. Here they form foci which can be visualized by 
indirect immunoftuorescence [20,21 ). These foci represent an 
initial and specific step in the repair process of exogenously 
induced DNA double strand breaks. It is imponant to real-

ize, however, that repair processes of DSB arc quantified. not 
DSB themselves. 1lle method has been employed in 4 stud­
ies. predominantly usitlg theyH2AX foci test. In all instances 
GT(+) effects have been detected. 

DNA alterations have also been analysed by the anoma­
lous viscosity time dependency test (AVTD. 1 GT(+) study). 
detecting confonnational changes. and by quantillltive PCR 
(QPCR. l GT(+) study) detecting structural changes in the 
DNA. 

4. Gene mutations 

In this calegory 6 studies have been perfonned using 4 dif­
ferent endpoints: (I) Altered restriction fragments (1 GT( +) 
study). (2) lacZ inversion in transgenic mice. This melhod has 
been used in 3 studies which all failed to detect an increased 
rate of inversions. but one found a reduced rate as compared to 
unexposed controls (22), which is interpreted as a RF-EMF­
induced reduction of recombination repair. (3} Mutath;m at the 
thymidine kinase (TK) locus (1 negative study). (4) Bacterial 
his- revertnnts {Ames test, I negative study). 

S. Discussion 

The large number of contradictory result!i among the 101 
published studie:o; on a genotoxic action of RF-EMF is tan­
gling. Neverthele~s patterns can be perceived. GT(+) as well 
as GT(-) findings have bcc:n reponed at a standard llbsorp­
tion nuio (SAR) below O.OS up to lOOW/kg and an exposure 
of ISrnin an.d 48h in vitro, and between hours and years in 
vivo. The outcome of studies was nearly independent from 
RF frequencies between 300 and 7700 MHz and the type of 
RF signod. either continuous wave (CW) or pulse-modulated 
(PM). GT(+) was obtained in 15 CW and 26 PM exposures, 
GT(-) in 14 CW and 27 PM exposures (some studies did not 
indicate the type of signal used). Contradictory resulls have 
been obtained even when two experienced groups performed 
the same ex peri men IS using the same cells and identical expo­
sure conditions [23.24). This may reflect a gcncrul problem 
of genotoxic studies being dependent on a multitude of fac­
tors which are difficult to control [25 ]. Some of the studies 
exploited here have shortcomings with respect to incom­
pletely described or unreliable exposure conditions and/or an 
inadequaae experimental design. Even a considerable publi­
cation bias in favour of negative results has been su:o;pected 
(www.microwavencw!i.cmniRR.html, 2006) (261. 

The proponion of GT(+) effects is much higher in ~·ivo 
(23140) than in virro (29n7). (Since some studies have 
been performed on more than one biological system, the 
total number of GT( +) and GT(-) effects exceeds the total 
number of published studies.) Considering all genotoxic 
endpoints applied. the frequently used parameters chromo­
some analysis (9121 GT(+)). comet assay (IS/41 GT(+)), and 
sister-chromatid-exchange (1/10 GT(+)) showed the highest 
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proportion of negative results, while the micronucleus assay 
yielded more positive dum negative results (22139 GT(+)). 
Since the SCE test which was negative in nearly all cases is 
known to be rather insensitive to radiomimetic (clastogen~} 
agents it can be speculated. thal a clasto&enic mechanism is 
involved in RF-EMF genotoxic Ktion. 

Epigenetic influences may also contribute to gcnotoxicity 
as demonstrated by RF·EMF-induced chromosomal non­
disjunction and disturbances of the mitotic spindle. This is 
in agreement with the higher proponion of 22139 GT(+) 
findings among studies using the micronucleus assay as com­
pared to those using CA, because some of the micronuclei 
may represent lagged chromosomes. Epigenetic IDC'Chanisms 
may also be effective after a combined aposure to RF-EMF 
and various physical or cbemical mutagens (Table 4). RF­
EMF preferentially enhanced the genotoxic effea of 4-NQ 1 0 
(414). MMC (418), UVC (212), and cyclophosphamide (212). 
No synergistic effect wps obtained using MMS and EMS 
(313), BLM (2/2), and adriamycine (212). Only one out of 3 
studies reponed a synergistic effect with X-rays. 

Cells and tissues of different origin ex.hibit a clearly vari­
able sensitivity for genotox.ic RF-EMF effects (Table 4 ). This 
has also been observed with extremely low frequency (ELF)· 
EMF [271 and may be dependent on genetic diffeRnces (281. 
GT(+) effects of RF·EMF were reponed predominantly in 
the following biological systems: human lens epithelial cells 
(4/4), human buccal mucosa ceUs (2/2), rodent brain tissues 
(8/13), and rat hemopoietic tissues (5n). GT(-) resuhs have 
been obtained with moose permanent cell lines (7n) and 

Tab\e4 
Dis.rribution RF-EMF eftect' in 101 published 'tudies. 

In ,.;,,., (all c:cllslllld lis•ue11 
Human blood lyruphocylea 
H11man len• epir.helial cells 
Human cultured libloblas" 
Human alioblutoma c:el11 
Human tymphoblastoid cdls 
MOIIIC permanent cell lines 
MOUie lymphoblutoid cells 
ChinCK lwtuiCI' cells (CHO, V79) 
E.. r:oli 
Yeu1 
Raarv~ulo1a c:eUs 

/11 ~'~''P (all species and llasues) 
Human blood lympho<.")'te• 
HuiiiUI buca.l m~KOII& cello 
.Mouse •penn 
Mouse brain tissues 
Moue polycllromatic crythrocylc• 
Rll brain liuuea 
Rill hcmopoicW: lissua 
R.allplcco, liver 
t.:z.cnaaaenlc mk:e 
Plano 
Clttle polychromat.ic crythrol;ytes 

Rf-EMF cftcc:u 

29 
18 
4 
2 

4 

23 
4 
2 
1 
2 

6 
s 

2 

permanent lymphoblasloid cells of various origin (7n). This 
is in a striking analogy 10 RF-EMF-induced reduction of 
ornithine decarbox.ylasc activity being detected in primary 
but not in secondary neural cells [291. 

6. Proposed medlaoJsms of RF -EMF genotollicity 

CcUs llfC unusually sensitive 10 electromagnetic fields 
1301. Weak lie Ids may accc:lemte electron uansfcr and lhcreby 
destabilize the H-bond: or cellular macromolecules. This 
could explain the stimulation of transcription and protein 
expression. which has bCen observed after Rf·EMF exposure 
(31.32). However, the energy of weak EM fields is not suf­
ficient directly to break a chemical bond in DNA. Therefore 
it can be concluded, that gcnotoxic effects are mediated by 
indirect mechanisms as microthermal processes, generation 
of oxygen rndicals (ROS), or a distutb:mce of DNA-repair 
processes. 

6.1. Thermal effects 

An increase of temperature in the culture medium of 
RF-EMF exposed cells has been observed at very high 
SAR levels only (12). The vast majoricy of GT(+) studies 
were conducted at SAR < 2.0 not leuding to a detectable 
increase of temperature in the culture medium. Moreover. 
similar or larger effects have been observed at a 5' onllO' 
off intermittent exposure (23.33), a result that contradicts a 

39 
23 

2 
3 
2 
6 
I 
2 

17 
2 

4 
4 
2 
2 
3 

Synci'Jislic cffc:cu 

Pooilive 

9 
8 

0 

II 
4 

I 
l 
l 
2 

Sina: several published studic• have 11•ed 1110rc than 1 bioloaicalsyllem the IOU! or llCplive 111d poo.itive en«ts c:xc:cccb the number of I 01 publicali0111. 
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simple temperature-based mechanism of the observed gene­
toxic action. However, experimental result.~ with microwave 
absorption at colloidal interfaces have demonstrated that the 
electric absorption of microwaves between I 0 and 4000 MHz 
goes through a ma~timum with the size of bride droplets> I 00 
and <IO.OOOnm, and depends on the type of ions and their 
concentrations [34[. This local absorption of microwaves may 
therefore lead to a considerable local heating in living cells 
during low energy microwave exposure. 

6.2. OX)'trf!n radicals 

There is evidence that RF-EMF may stimulate the for­
mation of reactive oxygen species in exposed cells In vivo 
[35-371 and in vitro [311-41[. Free oxygen radicals may fonn 
base adducts in DNA, lhe most important lesion being 8-
0HdO, and oxidize also other cellular components. such 
8.!J lipids leaving behind reactive species. that in turn can 
couple to DNA bases (42). The fir11t ~lcp in the generation 
of ROS by microwaves is mediated in the plasma mem­
brane by NADH oxidase (43[. Subsequently ROS activates 
matrix metalloproteases (MMP), thereby iniliating intra­
cellular signalling cascades. It is interesting to note that 
these processes sttu1 within !5 min of radiation and at a 
very low field intensity of 0.005 W/c:m2. Moreover. higher 
effects have been obtained by intermittent radiation, when 
cells were left unirradiated for 10 min. This is in a&ree­
ment with in vitro genotoxicity studies using the comet assay 
[23,33). 

6.J. Alt~ration of DNA-reptJir proc~sses 

A considerable proponion of studies have investigated 
the consequences of a combined exposure to RF-EMF and 
various chemical or physical mutagens. 8112 studies using 
human blood lymphocytes have demonstrated that RF-EMF 
enhanced lhe genotoxic action of o1her agents, preferentially 
of UV, MMC, or 4-NQ 10 (an UV-mimetic agenl). Since in 
all these experiments microwave exposure failed to induce 
detectable genotoxic effect by itself, an interference with 
DNA· repair mechanisms has been postulated, however, there 
is no direct experimental proof yet. An alteration of recom-. 
binational repair has also been proposed by Sykes ct al. [221 
as an explanation of the reduced ra1e of inversions in lacZ­
transgenic mice after RF-EMF treatment. 

An inftuence of microwave exposure on DNA~n:pair 
processes has long been proposed for power frequency 
electromagnetic fields [ 35). A recent epidemiological inves­
tigation into the frequency of polymorphisms of DNA-repair 
genes in children with acute leukemia Jiving in the vicinity 
of power line transformers (44) emphnsizes the signiftcance 
DNA-repair impairment for an EMF related increase of 
this malignancy. There was a significAnt gene-environmenl 
interaction (COR=4.31) between the electromagnetic field 
intensities and a less active genetic variant of XRCCI. a 
crucial enzyme in base excision rep:Ur. 
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